SCIENCE ADVANCES | RESEARCH ARTICLE
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The recovery process of COVID-19 patients is unclear. Some recovered patients complain of continued shortness
of breath. Vasculopathy has been reported in COVID-19, stressing the importance of probing pulmonary micro-
structure and function at the alveolar-capillary interface. While computed tomography (CT) detects structural
abnormalities, little is known about the impact of disease on lung function. '>*Xe magnetic resonance imaging
(MRI) is a technique uniquely capable of assessing ventilation, microstructure, and gas exchange. Using '*°Xe
MRI, we found that COVID-19 patients show a higher rate of ventilation defects (5.9% versus 3.7%), unchanged
microstructure, and longer gas-blood exchange time (43.5 ms versus 32.5 ms) compared with healthy individuals.
These findings suggest that regional ventilation and alveolar airspace dimensions are relatively normal around
the time of discharge, while gas-blood exchange function is diminished. This study establishes the feasibility of
localized lung function measurements in COVID-19 patients and their potential usefulness as a supplement to

structural imaging.

INTRODUCTION
In December of 2019, a novel coronavirus disease, COVID-19, caused
by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
emerged in Wuhan, China (1-3). The outbreak of COVID-19 posed
a serious threat to global public health (4). On 11 March 2020, the
World Health Organization (WHO) declared it a pandemic, and
more than 7,823,289 cases have been confirmed in more than 200
countries and regions, including 431,541 deaths according to the
WHO situation reports (5). In China, 78,377 discharged patients
were reported to have recovered (6), of which about 81% showed
mild and moderate symptoms and 14% of cases were considered to
be severe. Only 5% of the patients presented acute symptoms (6).
COVID-19 is associated with symptoms of hypoxemia and short-
ness of breath (7) as a result of pulmonary dysfunction (8, 9). Autopsy
results revealed (10) white foam mucus in the trachea, gelatinous
mucus attachment in the bronchus, pulmonary edema, and inflam-
mation, indicating that hypoxemia may be related to the damaged
pulmonary gas exchange function. In addition, vasculopathy and
embolism have also been reported in COVID-19 (11), stressing the
importance of probing microstructure and function of the lungs at
the alveolar-capillary interface. Pulmonary function tests (PFTs)
such as FEV (forced expiratory volume in 1 s)/FVC (forced vital
capacity) are used in the clinic to characterize the overall function of
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the lung. However, PFTs cannot probe vasculature at the alveolar-
capillary interface within the lung.

X-ray computed tomography (CT) plays an important role in the
diagnosis of lung disease by depicting the pulmonary structure (12, 13).
Many COVID-19-confirmed cases exhibit ground-glass opacities
(GGOs) and extensive consolidation in the lungs. Although CT im-
ages provide high resolution for structural imaging of solid lung
lesions, they are unable to evaluate the lung’s gas exchange function.
The emerging technique of hyperpolarized (HP) '**Xe gas magnetic
resonance imaging (MRI) can visualize and quantify both the lung’s
microstructure and key functional parameters at the alveolar-capillary
interface where gas exchange occurs. Such gas-phase MRI readouts
have the potential of detecting the earliest signs of impairment in
lung disease (14). Moreover, xenon gas MRI offers unique advan-
tages for longitudinal studies, especially those involving children
and pregnant women, thanks to the absence of ionizing radiation.
Its feasibility and safety have been demonstrated in numerous clinical
trials around China, United States, United Kingdom, Canada, and
other countries. '**Xe MRI has yet to be evaluated in COVID-19 patients,
and its potential for characterizing the disease remains unknown.

Here, we present the first '*’Xe MRI study of discharged
COVID-19 patients, aiming at quantitatively evaluating pulmonary
gas exchange function and lung microstructure of those patients.
We recruited a total of 25 subjects at the start of the outbreak in
Wuhan, China—13 discharged COVID-19 patients and 12 healthy
volunteers—and performed PFTs and HP xenon gas MRI on all the
subjects to derive physiologically relevant parameters such as FEV,/
FVC, ventilation defects percentage (VDP), exchange time constant
(T), septal wall thickness (d), the ratio of xenon signal from red
blood cells and interstitial tissue/plasma (RBC/TP), mean linear in-
tercept (Ly,), acinar duct radius (R), apparent diffusion coefficient
(ADCQ), and surface-to-volume ratio (SVR). Furthermore, we ana-
lyzed the physiological parameters across the two groups and found
that, although the lung microstructure appears similar to that of
the healthy group, the pulmonary gas exchange function suggests
impairment.
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RESULTS

Table 1 summarizes subject data for the 13 discharged COVID-19
patients and 12 healthy subjects as collected upon admission, in-
cluding demographic, epidemiological, laboratory tests, and clinical
findings. Laboratory confirmation of COVID-19 was obtained upon
admission to the hospital and subsequently verified by the Wuhan
Center for Disease Control and Prevention (CDC). Clinical outcomes
were monitored until 5 March 2020. The 13 adult COVID-19 pa-
tients were hospitalized in Tongji Hospital (Wuhan, China) before
discharge. The admission date ranged from 19 January to 9 February,

and the discharge time between 10 February and 5 March. The av-
erage age of the discharged patients was 35.8 years, ranging from 25
to 51 years (Table 1). The symptoms upon admission were typically
fever, followed by cough and fatigue. Lymphocytopenia occurred in
four (30.8%) patients, while six (46.2%) patients had elevated con-
centrations of high-sensitivity C-reactive protein (>10 mg/liter). Five
(38.5%) patients had increased concentrations of alanine amino-
transferase and aspartate aminotransferase. In addition, six (46.2%)
patients had a normal white cell count, and six (46.2%) patients had
a white cell count below the normal range. All patients had been

Table 1. Subject demographics and clinical and laboratory findings of discharged patients on admission. ALT, alanine aminotransferase; AST, aspartate

aminotransferase; N/A, not applicable.

Discharged patients total (n=13)

Healthy volunteers total (n=12)

Demographics and clinical characteristics

Age, years 35.8(25.0-51.0)
N
9 (64.3%)
Exposuremstory
Fever (temperature $37 3°C) R 13 (100 0%)

Cough RN

Mya|g|a ( )
Fat,gue e e (53 8%)
Dla"hea.‘,‘,‘,‘,.....‘,‘,‘,‘,.....‘,‘,‘,‘,. ( )
Nausea oru\'/‘emltlng - (15 4%)
Dlsease seventy statu; S
Time o nes ot o 78@2-13

Male
4 (35 7%)
10 (76.9%)
(84 6%)
38 5%
30 8%

Moderate (1 00 O%)

32.5 (24.0-45.0)
Ma|e
7 (58 3%)

Female

5 (41 7%)

N/A

Laboratory fmdmgs

White blood cell count, x10°%/

liter 5.7 (2.7-15.5)

<4 6 (46 2%)
6 (46 2%)

4t010
>10 ( 6%)
Lymphocyte count ><109/||term D
<08 (303%)
Hemog|obm g/“ter

Plateletcount ><109/I|ter
A|_'|' U/“ter N
ASTu/mer e e

2421 (176 488)
38 5%)

High-sensitivity C-reactive

protein, mg/liter 20.5(0.8-138.5)

>10 6(462%)
72(1 S 129)

Interleukm 6 pg/ml

Conflrmatory test done
(COVID-19 quantitative
reverse transcription
polymerase chain reaction)

13 (100.0%)
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12(06 25)
1354(1110 1650)
365(90 848)

5(
372(140 860)

(38.5%)

N/A

o ——
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0 (0%)
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treated in the isolation ward of Tongji Hospital and were deemed
sufficiently recovered and discharged with an average hospital stay
duration of 23 days.

Typical '**Xe MRI/magnetic resonance spectroscopy (MRS) data
from representative discharged COVID-19 patient and healthy
volunteer are shown in Fig. 1. VDPs derived from the xenon venti-
lation map are similar in the healthy subject (subject 6) and the dis-
charged COVID-19 patient (patient 4): 1.5 and 1.6%, respectively.
Microstructural parameters derived from the diffusion images,
including Ly, R, ADC, and SVR, are comparable in both subjects.
The gas exchange function parameters derived from the xenon re-
covery curves show substantial differences in the healthy subject
versus the discharged patient: T'=23.5 ms versus 65.4 ms, d=8.7 um
versus 14.6 um, and RBC/TP =0.282 versus 0.224.

Following antibiotic and antiviral therapies administered in hos-
pital and isolation at home (average interval between the discharge
and HP '®Xe gas MRI scan: 25 days), representative CT findings in
COVID-19 patients (such as GGOs with/without reticular pattern
and/or consolidation) at peak stage of COVID-19 pneumonia (Fig. 2)
are unexpectedly well absorbed and even almost completely absorbed
in some cases (Fig. 2). This would seem to suggest a substantial re-
covery in the group of discharged patients, at least according to
measurements of the lung’s structure via CT.

Xenon gas MRI was then used to perform a more in-depth inves-
tigation of lung recovery, as described in Materials and Methods.
Maps of lung ventilation distribution are generated and analyzed
using a k-means clustering strategy in which voxel intensities across
entire lungs are classified using one of five labels: no signal (denot-

Ventilation map ADC ma

38-year-old

Healthy

ing ventilation defects used to derive the VDP metric), hypointense,
middle intense, middle high intense, and hyperintense signal. These
five clusters are colored in red, brown, green, apple green, and blue,
respectively, in Fig. 2. VDP is the percentage of those “ventilation
defect” pixels across a given lung that was classified as “no signal.”
The distribution of signal intensity from three representative patients
is shown in Fig. 2, and the corresponding VDP for these patients are
1.6, 5.1, and 7.4%.

The chest CT scan of a patient acquired at the peak stage of
COVID-19 pneumonia reveals multiple GGOs and/or partial con-
solidation in both the upper and lower lobes of bilateral lungs (Fig. 3).
As aresult of therapy, those lesions are substantially absorbed in the
final scan, although light GGOs with unclear boundaries are still
present in Fig. 3 (denoted by red circles). On the same day, the pa-
tient underwent an HP '*Xe gas MRI scan. The scan reveals signal
intensity in the right lung that is lower than that in the left lung. In
addition, ventilation in the regions denoted by green circles exhibits
hypointense signal that also correlated with structural abnormalities
caused by COVID-19 as measured by CT.

Table 2 shows quantitative results for the 13 discharged patients
with COVID-19 (cov) and 12 healthy (h) volunteers, including
measures of FEV/FVC and %FEV, with PFTs, ventilation function,
lung morphometry parameters, and gas-blood exchange function
with HP #Xe gas MRI. Five of the 13 (38.5%) the discharged pa-
tients have VDP below 5%, and others have VDP within the interval
[5%, 10%]. The mean (averaged across each group) VDP was 5.9%
for COVID-19 patients and 3.7% for healthy volunteers. Statistical
comparisons of VDP via unpaired Student’s ¢ test show that COVID-19
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Fig. 1. Three typical lung "**Xe MRI/MRS datasets collected in this study. Ventilation maps, ADC maps, and dissolved Xe recovery curves are shown for a healthy
subject and a discharged COVID-19 patient. Both the healthy and discharged COVID-19 subjects exhibit good ventilation function and microstructure. The VDPs derived
from the ventilation maps and microstructural parameters including L, R, ADC, and SVR derived from diffusion images are comparable in both subjects. However, for the
gas exchange function measured by dissolved Xe recovery curves, the discharged COVID-19 patient showed obvious differences compared with healthy subjects. Gas
exchange function parameters derived from the xenon recovery curves in healthy subjects versus discharged patients were T=23.5 ms versus 65.4 ms, d = 8.7 um versus
14.6 um, Hct = 0.260 versus 0.225, and RBC/TP = 0.282 versus 0.224. Note that slice thickness for ADC maps was 30 mm versus 9 mm for ventilation maps. Hence, the two
images (ventilation versus ADC) depict slightly different volumes of the lung and do not perfectly match. VDP denotes the ventilation defects percentage; L, mean linear
intercept; R, acinar duct radius; ADC, apparent diffusion coefficient; SVR, surface-to-volume ratio; T, exchange time constant; d, total septal thickness; Hct, blood hematocrit;
RBC/TP, ratio of xenon signal from red blood cells and interstitial tissue/plasma; and a.u., arbitrary units.
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Patient 4 Patient8 Patient 9
29-year-old

CT image at
peak stage

Last time
CT image

Ventilation map
(***Xe MRI)

K-means
map

7%

42.1%

—

Distribution
of ventalition

No signal, hypointense signal, middle intense signal, middle high intense signal, and hyperintense signal

Fig. 2. Lung images for three representative discharged patients. From top row to bottom row: Chest CT images at the peak stage of COVID-19, final CT images (upon
discharge), corresponding pulmonary ventilation maps from HP 12%%e gas MR, and k-means map showing distribution of ventilation intensity. Gas images were segmented
through a k-means clustering strategy in which voxel intensity values were classified into five clusters ranging from no signal (denoting ventilation defects) to hyper-
intense signal, therefore generating a gas distribution cluster map, where red color indicates no signal of HP '**Xe gas MRI, associated with ventilation defects. The no
signal pixels corresponded to the SNR values well within the nuclear MR noise. Brown, green, apple green, and blue color correspond to hypointense, middle intense,
middle high intense, and hyperintense gas MRI signals, respectively.
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Fig. 3. Lung images for subject 2. Serial chest CT images (top row: day —20, three slices; second row: day 21, three slices) and corresponding HP 129%e gas MRI pulmonary
ventilation maps (day 21) for one patient who underwent the final CT and gas MRI scans on the same day. In the final follow-up CT images, light GGOs are indicated by
red circles. The same GGOs are indicated in the corresponding HP '*°Xe gas MR images by green circles.

patients are statistically different from the healthy volunteers (P =
0.0398). The lung morphometry and spirometry parameters in
COVID-19 patients, including FEV,/FVC, %FEVy, R, L, SVR, and
ADC, exhibit no statistically significant differences compared with
those of the healthy group. For the discharged patient group, all
FEV1/FVC values of patients are consistently above 0.70 (see Table 2).
The patient-averaged FEV/FVC value obtained in this study (0.83)
is comparable to values reported in the literature for healthy (0.70 in
North America, Europe, and China) and subjects with COPD
(chronic obstructive pulmonary disease) (<0.70 in North America,
Europe, and China) (15-18). This patient-averaged FEV;/FVC val-
ue is also similar to the average value that we measured in healthy
subjects (0.83). As for the physiological parameters related to gas-
blood exchange function measured by HP gas MRI, namely, T, d,
and RBC/TP, all show statistically significant differences (P < 0.05)
between the two groups (h versus cov). In the discharged patients
with COVID-19, T and d are higher [43.5 ms (cov) versus 32.0 ms
(h), and 11.7 pm (cov) versus 10.1 um (h), respectively], while RBC/
TP is reduced [0.279 (cov) versus 0.330 (h)] when compared with
that in healthy volunteers. Quantitative results for each healthy sub-
ject are summarized in table S1.

DISCUSSION

As an emerging technique for quantifying pulmonary function in
pulmonary diseases, the feasibility of HP xenon gas MRI in evaluating
gas exchange function and microstructural parameters of the lung
has been demonstrated in multiple clinical studies (18-23). However,

Lietal., Sci. Adv. 2021; 7 : eabc8180 1 January 2021

none of them have dealt with COVID-19 patients. By using HP
xenon gas MRI, hypoxemia in a COVID-19 patient caused by poor
ventilation or gas exchange or both can be determined. Here, the
effects of COVID-19 on the lungs of discharged patients have been
evaluated. The average VDP of the discharged patients was 5.9%,
which is significantly larger than that in healthy subjects (3.7%). We
note that all recovered patients had a VDP of less than 10%. The
statistical differences between the discharged and healthy subjects
(P =0.0398) meant that the lesions after absorption (e.g., light GGOs)
may have an effect on ventilation function. This is evident in Fig. 3,
where the location of lesions (red circles) exhibited low signal inten-
sity in the ventilation maps. Such a detailed assessment of lung func-
tion is not currently possible by PFT.

We also evaluate pulmonary morphological parameters using
diffusion-weighted MRI (DW-MRI). We recorded microstruc-
tural parameters of the pulmonary acinus, which are the largest
lung units involved in pulmonary gas exchange, located at the distal
end of the terminal bronchioles. The measured ADC, R, L, and
SVR in discharged patients have values similar to those of healthy
subjects. Morphological parameters are also found to be within
normal ranges in some discharged patients that had GGO(s) visible
in their final CT scan. HP '*’Xe gas MRI was used to image the
alveolar airspace. The pulmonary morphological parameters were
derived on the basis of the diffusion properties of xenon gas in the
alveoli. Our results indicate that the alveolar microstructure for gas
diffusion did not appear affected in most COVID-19 patients after
treatment (recalling that our COVID-19 patients had moderate
condition).
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Table 2. Quantitative results of PFTs and HP '?°Xe gas MRI for discharged COVID-19 patients. Note that R, L, SVR, and ADC of the patient values cited are
means + SD over all pixels in the lung. Duration of hospitalization in the second row denotes hospitalization days. Last time in the fourth row denotes days from
discharge, and scan time in the 10th row denotes days from discharge. SS denotes stripe shadow, ACA denotes representative findings in COVID-19 patients
that were almost completely absorbed, GS denotes grid shadow, PS denotes patchy shadow, SPS denotes salt and pepper signs, and %FEV; denotes PFTs
expressed as a percentage of a predicted value. The individual patient data for healthy subjects are found in table S1.

Subject no. 1 2 3 4 5 6 7 8 9 10 1 12 13 Mean Healthy value

Duration of

hospitalization 11 24 13 29 29 13 18 36 28 18 22 21 28 23 = =

(days)

ChestCTscan et e e e L e oL Ll L e oL oL et et ettt ettt s

Last time Day 20 Day 15 Day 13 Day 12 Day 15 - -

Characteristics GGOs ACA ACA Sk ACA ACA ACA ACA = = =
SS+GS

FEV,/FVC 0.82 0.84 0.87 0.83 0.80 0.81 0.81 0.87 0.83 0.88 0.81 0.82 0.77 0.83 0.83 0.7712

Hp129Xegas MR| e e et oL e et oLt oLl Lot ettt e ettt

Scan time Day 34 Day 21 Day 27 Day 21 Day 20 Day 27 Day 26 Day 14 Day 20 Day 29 Day 20 Day 32 Day 29 - - -

Gasgase“hangefundmn e e e e et ettt e et e ettt et e e et et ettt e ettt et ettt e

VDP (%) 9.5 9.9 23 1.6 99 5.6 8.4 5.1 74 49 29 55 4.0 59 3.7 0.0398

Gasbhodex:hangefunmon RO OO P OO SO P PPN

T (ms) 37.7 50.0 283 65.4 63.3 - 59.9 20.3 46.4 39.6 . kL k o f

d (um) 1.1 128 9.6 14.6 14.4 = 14.0 8.1 123 114

Wt 0193 0212 0187 025 018 - 019 0263 0331 0189

R R RO 9 e

Lung morphometry parameters

R (um) 327+66 33777 345+80

SVR (cm™) 216+55 196+54 21462
ADC (cm?/s) 0.032 + 0.033 + 0.032+ 0.035+ 0.027 + 0.030 0.036 +
0.012 0.019 0.014 0.016 0.023 0.013 0.011

One of the sequelae of SARS is pulmonary fibrosis (24). The gas
exchange function parameters T, d, and RBC/TP measured with HP
12X e MR were found significantly different between healthy subjects
and patients with interstitial lung diseases (ILDs) such as pulmo-
nary fibrosis (23, 25). Recent studies revealed that the pathological
features of COVID-19 are similar to those of SARS; for example, in
SARS, interstitial mononuclear inflammatory infiltrates and fibro-
blastic proliferation of alveolar septum are also found in the lung
(10, 26, 27). In our study, we found that T'and d were 35.9 and 15.8%
higher, respectively, whereas RBC/TP was 17.8% lower in discharged
patients (relative to healthy subjects). Those observations are simi-
lar to the trends observed in patients with ILD (23, 25). On the basis
of a simple comparison of two time points in four discharged patients
(fig. S2 and table S2), we attribute them to the interstitial thickening
and perfusion deficits caused by inflammation and possible fibrosis
(10) during the patients’ recovery stage, which would be expected to
increase upon xenon uptake and slow down the transfer of xenon
from alveoli to RBCs. The relatively preserved lung function and
lack of microstructural damage in discharged COVID-19 patients
may be attributed to the relatively young age of the discharged patients
(average age, 35.8 years). Our results suggest that the pulmonary
function parameters obtained using HP gas MRI are more sensitive

Lietal., Sci. Adv. 2021; 7 : eabc8180 1 January 2021

355+74

195+39 199+59 216+55

0.033 + 0.033 +

b + b + b + i +
0.037 0.036 0.029 0.037 0033 0032

0.013 0.012 0.019 0.008 0.022 0.013

for the evaluation of pulmonary injuries caused by COVID-19 than
PFT and CT combined, in particular the parameters related to gas
exchange function. (The measured d in this study is a “functional”
septal wall thickness, not the morphological one.)

This study shows that HP '**Xe MRI offers a unique advantage
in evaluating pulmonary function damage caused by COVID-19.
X-ray CT, which has played a critical role in the diagnosis and mon-
itoring of therapy for the COVID-19 global health emergency,
features high accuracy and short scan times (28). According to
patient discharge criteria in China (29), lesions in representa-
tive CT lung scans (e.g., GGOs and/or consolidation in Fig. 2) for
discharged patients should be substantially absorbed. After more
than 14 days of isolation, those structural abnormalities are further
(and in a case, almost completely) absorbed. Nevertheless, there are
large differences among the three patients with regard to both
ventilation function (e.g., VDP of 1.6, 5.1, and 7.4%) and gas-blood
exchange function (e.g., T, d, and RBC/TP) of the lung, yet little
difference in the microstructural parameters. These findings in-
dicate that compared with lung structure, gas-blood exchange
function of the lung may require a longer time to recover, and the
technique of HP '**Xe gas MRI here is critical in providing this type
of assessment.

60of 9

T20Z ‘v Arenuer uo /B1o°Bewsousios saoueApe//:dny wolj papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

Pulmonary alveoli

Xe Xe
» Xe Xe ' Xe Veac = Hct
VRBC + VPIasma
Blood flow

Alveolar space

Fig. 4. Sketch illustrating pulmonary microstructure parameters (top) and
gas-blood exchange function parameters (bottom) of the lung as provided by
HP '?°Xe gas MRI. The top schematic shows the two generations of lung respira-
tory airways of the Weibel lung model: The main morphometric parameters in-
clude external radius (R), internal radius (r), and depth of alveolar sleeve (h). The
bottom illustration shows the diagram of the gas-blood exchange region of the
alveoli. The total septal thickness is assumed to be d. T is the xenon gas exchange
time constant in the lung. Hct is the hematocrit of the lung.

HP gas MRI scans were typically carried out a few days following
the corresponding final CT scans, except for subject 2, who under-
went both MRI and CT scans on the same day. For subject 2, multiple
GGOs in the upper and lower lobes of bilateral lungs are signifi-
cantly enlarged (Fig. 3), relative to the initial CT images, which meant
that the absorption of structural abnormalities would be expected to
require more time because of the presence of multiple light GGOs
in the left upper and lower lobes of bilateral lungs with unclear
boundaries (Fig. 3). HP 129%e gas MRI reveals that the lesions in
Fig. 3 had low signal intensity. By combining HP gas MRI with
the corresponding CT images, the physician is provided with a
comprehensive picture of the lung state based not only on micro-
structural information (e.g., size, location, and morphological fea-
tures of lesions) but also on gas exchange function (e.g., ventilation,
gas-blood exchange, and microstructure parameters). Xenon images
provide unique information about the lung function that is ab-
sent from structural images. The correlation between structure
and function remains unclear: Patients that appear to have re-
covered based on CT scans may still have impaired lung function
according to the ventilation maps. In these cases, xenon MRI is able
to quantify the extent and nature of the functional impairment and
is expected to be helpful for prognosis and monitoring of COVID-19
disease progression (e.g., the enlargement or absorption of
GGOs and/or consolidation and the recovery of lung structure and
function).

Lietal., Sci. Adv. 2021; 7 : eabc8180 1 January 2021

Our research can be further expanded, since xenon MRI scans
only performed on the participants at a single point in time (upon
discharge). It would be interesting to perform longitudinal studies
on those patients to assess recovery over the long term. This study
only probed gas exchange on the whole lung. To better understand
the local functional impairment, regional thickening of the interstitial
tissue barrier and regional defects in RBCs should be the subject of
future studies (30-32). Last, we used a flexible vest radio frequency
(RF) coil to collect the MRI data. Such coils exhibit a moderate amount
of B; inhomogeneity, namely, signal loss near the edges of the coil
(such as at the apex of the lung). To evaluate the ventilation defects
quantitatively within a specific patient group, coils with more
homogeneous B, distribution and an improved bias field correction
algorithm may be helpful (33-35).

In summary, we evaluated the pulmonary gas exchange function
and microstructural parameters in 13 COVID-19 discharged patients
with moderate symptoms using the imaging technique HP '**Xe gas
MRI. We found statistically significant differences in T, d, VDP,
and RBC/TP between the cohorts, highlighting the power of xenon
MRI in evaluating lung injury caused by COVID-19. HP '*Xe gas
MRI could be a powerful supplement to chest CT in evaluating the
lung’s gas exchange function in COVID-19 patients and may be
useful in longitudinal follow-ups of patients during progress of dis-
ease and subsequent recovery of lung function.

MATERIALS AND METHODS

According to the Chinese Clinical Guidance for COVID-19 Pneumonia
Diagnosis and Treatment (seventh edition) issued by the National
Health Commission of China (29), clinical classifications are divided
into mild, moderate, severe, and critically severe symptoms. According
to the guide’s discharge standard, patients that meet the following
conditions can be discharged: (i) The body temperature returns to
normal for more than three consecutive days; (ii) significant im-
provement of the respiratory symptoms; (iii) pulmonary CT images
showing significant improvement of the acute exudative lesions;
(iv) and negative nucleic acid test results of sputum, nasopharynx
swab, and other respiratory samples for two consecutive tests (with
sampling time at least 1 day apart). A total of 13 COVID-19 pneu-
monia discharged patients (4 men and 9 women, average age is 35.8 years)
with moderate symptoms were recruited for our study. All patients
had been laboratory confirmed for COVID-19 when first admitted
to the hospital and subsequently verified by the Wuhan CDC. They
have no history of lung disease and smoking, and lung health was
also confirmed by chest x-ray examination, which was performed in
the annual physical examination (year 2019). Clinical records, labo-
ratory results, and chest CT scans were retrospectively reviewed for
these discharged patients, who were admitted to Tongji Hospital,
Tongji Medical College, Huazhong University of Science and Tech-
nology, Wuhan, China. We also recruited 12 healthy volunteers
with an average age of 32.5 years (range, 24 to 40 years) as the con-
trol group. Our study was approved by the Ethics Commission of
Tongji Medical College, Huazhong University of Science and Tech-
nology, and all subjects signed the informed consent forms.

Final CT scans were obtained with patients in the supine posi-
tion (11 patients underwent scanning after discharge, and two
patients underwent scanning shortly before discharge) using one of
the three CT systems: LightSpeed 16 or volume CT, GE Healthcare,
Wisconsin, USA (9/13); Somatom Definition AS+, Siemens, Germany
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(2/13); and uCT 780, United Imaging, China (2/13). The following
parameters were used: tube voltage = 100 to 120 kilovolt peak, ma-
trix = 512 x 512, slice thickness = 1.00 to 1.25 mm, and field of
view (FOV) =350 mm x 350 mm. The tube current was regulated
through an automatic exposure modulation system, and the single
collimation width of reconstructed images was 0.50 to 1.25 mm.

All MRI scans were performed using a 3.0-T multinuclear whole-
body MRI Scanner [uMR780(Xe), Wuhan, China] with a horizontal
magnet using a transmit-receive vest RF coil (35.45 MHz for '**Xe).
HP '*’Xe was produced with the spin-exchange optical pumping
technique using a commercial polarizer system (verImagin Health-
care, Wuhan, China), with a freeze-out accumulation procedure in
a cold finger. A gas mixture of 2% enriched xenon (86% '**Xe iso-
tope), 88% *He, and 10% N, was used in this study (36). After the
xenon accumulation process, HP gas was thawed using hot water
and extracted into a 1-liter Tedlar bag, which was purged to approx-
imately 9 Pa with a vacuum pump. The available spin polarization
of '*Xe gas in the Tedlar bag was approximately 25%. Before the
magnetic resonance (MR) experiments, the subject inhaled 1 liter of
gas mixture (5% xenon + 95% N;) from the functional residual ca-
pacity (FRC) to calibrate the flip angle. Afterward, the subject in-
haled 1 liter of gas mixture (40% xenon + 60% N) from the FRC for
measuring pulmonary ventilation function, gas exchange function,
and microstructure parameters, respectively. For each patient, a to-
tal of four bags of xenon gas were used. The patients were kept in
the MRI scanner for less than 15 min; for each xenon MRI scan, the
duration was less than 15 s.

Pulmonary ventilation function was assessed using HP '*’Xe gas
MRI. The MRI scans were performed on each subject using a three-
dimensional balanced steady-state free precession sequence with
FOV = (38 cm)?, matrix = 96 x 84, slice number = 20, slice thick-
ness = 9 mm, bandwidth = 800 Hz per pixel, flip angle = 12° to 14°,and
repetition time/echo time = 5.6/2.65 ms. Proton images of the thoracic
cavitgl for matching were also acquired using the "H body coil after
the '**Xe MRI scan during the same breath-hold. Proton MRI scans
were acquired using a fast-spoiled gradient-echo sequence with
FOV = (38 cm)?, matrix = 96 x 48 (partial echo = 82%), number
of slices = 20, slice thickness = 9 mm, bandwidth = 800 Hz per pixel,
flip angle = 20°, and repetition time/echo time = 4.5/2.2 ms. All
2Xe gas and proton images were reconstructed to a 96 x 96 matrix
for purposes of calculating the ventilation defects. In this study, we
did not perform a retrospective bias field correction, which has been
used by other groups for correcting B; inhomogeneity (33-35),
because these corrections often inadvertently remove intensity non-
uniformity caused by physiological changes. The technique of HP '**Xe
chemical shift saturation recovery (CSSR) was used to obtain the
gas-blood exchange functional parameters of the lung by the model
of xenon exchange (MOXE) using a dissolved-phase 129% e diffusion
coefficient of 3.3 x 107% cm?®s™! (16). For the CSSR data collection,
21 exchange time points ranging from 10 to 700 ms were used, and
the spectra were acquired using a 90° RF pulse with a bandwidth of
50 Hz per points and 1024 sampling points. The bottom part of Fig. 4
shows the physiological parameters, including T, d, and blood hema-
tocrit (Hct). The ratio of xenon signal from RBCs and xenon signal
from interstitial TP at an exchange time of 100 ms was calculated
(RBC/TP) (17, 25). HP '¥Xe DW-MRI images were used to derive
the pulmonary microstructure parameters. DW-MRI scans were
acquired for four b values (0, 10, 20, and 30 s/ cm?) using interleaved
sampling and acquisition parameters: FOV = (38 cm)?, matrix =
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64 x 32, slice number = 4, slice thickness = 30 mm, bandwidth =
600 Hz per pixel, flip angle = 8° to 11°, and repetition time/echo
time = 15.5/12.5 ms. As shown in the top part of Fig. 4, the pulmo-
nary morphometric parameters, including R, Ly, and SVR, were ex-
tracted by fitting the DW-MRI data to the anisotropic diffusion model
(37) of the "*’Xe diffusion pixel by pixel using a nonlinear least
squares algorithm after reconstructing the images to 64 x 64 matrix
(18). PFTs were performed on the same day as the MRI scans using
a handheld spirometer (sp-1, Schiller AG, Switzerland). MRI-derived
microstructural parameters R, Ly,, SVR, and ADC were computed
as maps (i.e., on a pixel-by-pixel basis); however, the values reported
in this article are volume averaged over the patient’s lungs, and the
error bars cited are SDs over the same region.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/sciadv.abc8180/DC1

View/request a protocol for this paper from Bio-protocol.
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