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Abstract

Purpose To explore the imaging changes of the liver and kidneys in COVID-19 survivors using variable flip angle (VFA)
T1 mapping and intravoxel incoherent motion-diffusion weighted imaging (IVIM-DWTI).

Methods This prospective study included 37 discharged COVID-19 participants and 24 age-matched non-COVID-19 volun-
teers who underwent abdominal MRI with VFA T1 mapping and IVIM-DWI sequencing as a COVID-19 group and control
group, respectively. Among those discharged COVID-19 participants, 23 patients underwent two follow-up MRI scans, and
were enrolled as the 3-month follow-up group and 1-year follow-up group, respectively. The demographics, clinical char-
acteristics, and laboratory tests were collected. Imaging parameters of the liver and kidneys were measured. All collected
values were compared among different groups.

Results The 3-month follow-up group had the lowest hepatic T1 value, which was significantly lower than the value in the
control group (P <0.001). Additionally, the 3-month follow-up group had the highest hepatic ADC and D values, cortical
ADC and f values, which were significantly higher than those in the control group (for all, P <0.05). The hepatic D value
in the 1-year follow-up group decreased significantly in comparison with that in the 3-month follow-up group (P=0.001).
Compared to non-severe patients, severe cases had significantly higher hepatic D* and f*D* values (P=0.031, P=0.015,
respectively).

Conclusion The dynamic alterations of hepatic and renal imaging parameters detected with T1 mapping and IVIM-DWI
suggested that COVID-19 survivors might develop mild, non-symptomatic liver and kidney impairments, of which liver
impairment could probably relieve over time and kidney impairment might be long-existing.
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Introduction

Coronavirus disease 2019 (COVID-19) is caused by a novel
coronavirus called severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2), which has created a global health
crisis [1]. Although the lungs are the major organs attacked
by SARS-CoV-2, other organs such as the liver and kidneys
can also be damaged in patients with COVID-19 [2—4]. For
example, abnormal liver and kidney function tests have been
found in many COVID-19 patients without pre-existing liver
and kidney disease on admission [2, 5]. In addition, inflam-
matory changes and vesicular steatosis of liver parenchyma
as well as proximal acute tubule injury and endothelial cell
swelling of the kidneys have been reported in pathological
examinations of COVID-19 patients [4].

Noninvasive functional MRI can provide both morpho-
logic and functional liver and kidney assessment during the
development of acute injury [6], thereby assisting in the
detection and evaluation of early damage. As T1 mapping is
a sequence sensitive to signal changes, and intravoxel inco-
herent motion-diffusion weighted imaging (IVIM-DWI) can
detect diffusion and perfusion at the same time, we chose
these two techniques to explore liver and kidney changes in
COVID-19 survivors.

@ Springer

T1 mapping is a quantitative technique which can directly
measure the T1 relaxation time in milliseconds [7], depict-
ing even small variations of T1 relaxation time within a tis-
sue [8]. The early changes in acute tissue injury such as
interstitial edema usually lengthen the T1 relaxation time,
whereas fat deposition and iron overload shorten the T1
time. Recently published studies have reported that T1
mapping could be used for the assessment of liver diseases
such as liver fibrosis and non-alcoholic fatty liver disease
[8, 9]. IVIM-DWI separates pure molecular diffusion (D)
from perfusion-dependent diffusion [10], which is measured
by the perfusion-related pseudo-diffusion coefficient (D*)
and the perfusion fraction (f). As a non-invasive technique,
IVIM-DWI has great potential for diagnosing hepatic lesions
and evaluating treatment responses in liver cirrhosis [11].
In addition, IVIM-DWI can detect differences between the
renal cortex and medulla [12, 13], which indicates its utility
in detecting renal perfusion changes.

Recently, several attempts have been made to evaluate
liver and kidney injuries in COVID-19 patients using CT
or dual-energy CT [14, 15]. As far as we know, there has
been no study on the assessment of liver or kidney MRI
changes in COVID-19 patients. One reason may be that MRI
examinations have been limited during the outbreak period
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of COVID-19 to prevent the spread of the disease. Thus, we
carried out this short-term and long-term follow-up study to
explore the existence and dynamic changes of hepatic and
renal injuries in COVID-19 survivors using T1 mapping and
IVIM-DWL

Materials and methods
Study design and patient population

This was a prospective study approved by our local ethics
institutional review board. Informed consent was obtained
from all the participants before performing MRI scans.

A total of 40 discharged COVID-19 participants hospital-
ized between January 21 and March 3, 2020 were recruited
and underwent abdominal MRI scans three months after dis-
charge, including VFA T1 mapping and IVIM-DWI. Three
patients were excluded. The remaining 37 participants (aver-
age age: 53.7 + 12.5 years; male: 54.1%) were included in
this study as the COVID-19 group. Although all enrolled
participants were required to undergo second-time follow-
up scans, only 23 patients (average age: 50.9 + 10.8 years;
male: 56.5%) from the COVID-19 group underwent another
abdominal MRI nine months later (the rest were unable to
attend the follow-up due to personal reasons). 23 patients
who underwent follow-up MRI scans at 3-month and 1-year
after discharge were enrolled as the 3-month follow-up
group and 1-year follow-up group, respectively. Addition-
ally, 24 age-matched (+5 years) volunteers (average age:
57.1£15.0 years; male: 41.7%) without pre-existing hepatic
and renal diseases were enrolled as the control group. The
volunteers were recruited through social media and all
agreed to undergo MRI scans. Before scanning, a ques-
tionnaire on basic clinical information mainly concerning
liver and kidney condition was completed by each partici-
pant, including the history of drinking. The baseline demo-
graphics, clinical characteristics during hospitalization and
laboratory tests at admission and 3-month follow-up of all
participants and laboratory studies of the 23 participants
at 1-year follow-up were collected. The diagnosis and dis-
charge criteria of COVID-19 patients were made according
to the Guidelines for Diagnosis and Treatment of COVID-
19 issued by the National Health Commission (7th edition)
(in Chinese) [16]. The COVID-19 group (n=37) and the
1-year follow-up group (n=23) was further divided into the
severe and the non-severe cases based on the guidelines. The
protocol of the study is presented in Fig. 1.

MRI acquisition

All examinations were performed on a clinical 3.0 T MRI
system (Skyra, Siemens Medical Solutions, Erlangen,

40 patients recovered from COVID-19 a
and underwent abdominal MRI scans and laboratory tests 3
months after discharge

24 ag 1ed non-COVID-
19 volunteers completed a
and underwent

abdominal MRI scans

3 patients excluded:
+ History of hepatic cirrhosis(n=1)
+ Inadequate MR imaging quality(motion artifacts)(n=2)

Non-severe
(n=24)

3-month
follow-up
group (n=23)

| None excluded |
Control
group(n=24)

a. Abdominal MRI:
T1 mapping analysis of
liver and IVIM-DWI analysis
of liver and kidney;

COVID-19
group(n=37)

Severe (n=13)

Of the 37 COVID-19 participants, only 23 patients underwent
second-time abdominal MRI scans and laboratory tests 1 year
after discharge (the rest were unable to attend the follow-up due to
personal reasons). None of the 23 participants was excluded.

Non-severe
(n=18)

Severe (n=5)

1-year follow-

up
group(n=23

a. Abdominal MRI:T1 mapping analysis of liver and IVIM-DWI
analysis of liver and kidney;

b. Lab y tests: liver fi g.ALB,ALT,AST, GGT, TBIL,
HDL-C,LDL-C)and kidney function(e.g. BUN, Cr, RBP, eGFR).

Fig. 1 Protocol of the study

Germany) with an 18-channel phased-array body coil. Axial
VFA T1 mapping and IVIM-DWI were performed.

T1 mapping

For T1 mapping, a dual flip angle 3D gradient echo sequence
with volumetric interpolated breath-hold examination
(VIBE) was performed without injection of contrast agent.
The parameters were as follows: repetition time, 5.01 ms;
echo time, 2.3 ms; flip angle, 5° and 10°; field of view,
380 x 380 mm; acquisition matrix, 135 X224 mm; band-
width, 300 Hz; slice thickness, 4 mm.

IVIM-DWI

IVIM was performed using a free-breathing single-shot,
spin-echo, echo-planar imaging sequence in three orthog-
onal directions with the following parameters: TR/TE,
4400/60 ms; slice thickness, 4 mm; spacing between slices,
4.8 mm; field of view, 400 X 400 mm; acquisition matrix,
100 x 134 mm; bandwidth, 2332 Hz; and images were
acquired with 12 b-values (0, 10, 20,30, 40, 50, 80, 100,
200, 400, 800, and 1000 s/mmz). The distribution of b-val-
ues was chosen to cover both the initial pseudo-diffusion
decay (b <200 s/mm?) and the molecular diffusion decay
(b>200 s/mm?).

Image analysis

T1 mapping

The T1 mapping MR data series was transferred to the
workstation to measure the T1 relaxation time of the liver
parenchyma on a pixel-by-pixel basis on a color distribution

map by using Functool software (AW 4.6, GE Healthcare).
Round regions of interest (ROIs) with a range of 200 mm?

@ Springer
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were drawn manually in the liver on T1 mapping images.
Five ROIs were placed in the right lobe of the liver away
from the liver edge, devoid of obvious vessels, bile ducts,
focal lesions, and imaging artifacts (Fig. 2a). The left lobe
was not included because of the potential dephasing artifacts
from cardiac motion [17]. The mean T1 relaxation time of
the five ROIs was considered as the representative T1 relaxa-
tion time for the liver.

IVIM-DWI

All IVIM-DWI data were transferred to an independent
personal computer and processed offline with a dedicated
software package (FireVoxel; CAI2R; New York Univer-
sity, NY) for quantitative analyses. Five round hepatic ROIs
with a range of 200 mm? were sparsely drawn in different
slices and lobes of liver parenchyma on IVIM-DWI, devoid
of obvious vessels, bile ducts, focal lesions, and imaging
artifacts (Fig. 2b). Renal ROIs were manually drawn bilat-
erally on perihilar slices in the cortex and medulla of both
kidneys. Cortical ROIs followed the outer contour of the
kidney, avoiding artifacts and lesions (Fig. 2c). Medullary
ROIs were drawn in the inner region of the renal paren-
chyma, avoiding artifacts, major vessels, lesions, and renal
fat (Fig. 2d).

Signals were averaged for all voxels inside an ROI of the
same type, and were then fitted by a Bayesian algorithm
to the IVIM Eq. (1) to obtain the diffusion coefficient D
(x 1073 mm?%/s), the pseudo-diffusion coefficient D* (x 1073
mm?/s), the perfusion fraction f and f*D* (x 103 mm?/s).
The standard ADC (x 10 mm?/s) was obtained by using
the conventional mono-exponential model with all b-values
(Eq. 2). Quantitative parameters (D, D*, f, f*D*) derived
from IVIM MRI were automatically obtained.

Fig.2 Schematic diagram of ROI drawing. a One ROI of liver drawn
on T1 mapping. b-d IVIM-DWI. One ROI of liver outlined on b=0
(b) and ROIs of renal cortex (¢) and medulla (d) outlined on b=50

@ Springer

S = SO x (f *x exp(—b = D*) + (1 — 1) * (exp(—b = D))
(1)
S = SO * exp(—b %= ADC) )

Two different radiologists independently completed the
ROI delineation of the COVID-19 group according to the
above principles. The intraclass correlation coefficient (ICC)
values between two groups were used to quantify the con-
sistency (The details were in the supplementary materials).

Statistical analysis

All statistical analyses were carried out with IBM SPSS
Statistics (v. 26.0, Chicago, IL). Data normality was
assessed by the Shapiro—Wilk test. The differences of con-
tinuous variables with a skewed distribution were com-
pared using the Mann—Whitney U-test for independent
variables or Wilcoxon Signed Rank Test for paired vari-
ables. Chi-square test were used to compare categorical
variables. The differences of continuous variables with a
normal distribution were evaluated using the independent
sample t test. A two-way ANOVA analysis followed by a
Bonferroni multiple comparison test was used for labora-
tory tests obtained at different periods. Box plots were
carried out using GraphPad Prism (version 9.2.0.332). The
normal-distribution data were expressed as mean =+ stand-
ard deviation or mean (95% CI). The skewed-distribution
data were expressed as median and interquartile range.
Categorical variables were expressed as numbers and per-
centages. The P value was two-sided, and a difference of
P <0.05 was considered statistically significant.

Results

Baseline demographics and clinical characteristics
of all participants

A total of 40 participants who had recovered from COVID-
19 were recruited and underwent follow-up abdominal
MRI three months after discharge. One participant with
a history of hepatic cirrhosis (n=1) and two participants
with inadequate MR imaging quality (motion artifacts)
(n=2) were excluded. The mean durations from dis-
charge to abdominal MRI examination of the COVID-19
group and 1-year follow-up group were 93.2 + 12.7 days
and 362.6 +23.2 days, respectively. No differences in
age, gender, or drinking history were detected between
the 1-year follow-up group and control group (P =0.142,
0.387, 1.000, respectively) (Table 1).
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Table 1 Clinical characteristics of COVID-19 group, 1-year follow-up group, and control group participants

Parameters COVID-19 (n=37) 1-year follow-up Control (n=24) P
(n=23)

Age(years) 53.7+12.5 50.9+10.8 57.1+15.0 0.142

Patient data (%)

No. of men 20 (54.1) 13 (56.5) 10 (41.7) 0.387

No. of women 17 (45.9) 10 (43.5) 14 (58.3)

Drinking history 5 3 3 1.000

Course severity (%)

Non-severe 24 (64.9) 18 (78.3) NA NA

Severe 13 (35.1) 5(21.7) NA

Duration from discharge to abdominal MRI (days) 93.2+12.7 362.6+23.2 NA NA

Comorbidities (%)

Chronic liver disease 0 0 0 NA

Chronic renal disease 0 0 0 NA

Hypertension 7 (18.9) 3(13.0) 4 (16.7) 1.000

Diabetes 5(13.5) 14.3) 3 (12.5) 0.609

Coronary artery disease 1(2.7) 0 0 NA

Cerebrovascular disease 12.7) 0 0 NA

Chronic obstructive pulmonary disease 1(2.7) 0 0 NA

Treatment before discharge

Antiviral therapy 37 (100) 23 (100) NA NA

Glucocorticoid therapy 3(8.1) 1(4.3) NA NA

Data are expressed as mean + standard deviation for continuous variables, and number and percentage (in parentheses) for categorical variables

P values were comparisons between 1-year follow-up group and control group calculated with independent sample ¢ test for continuous variables

or Chi-square test for categorical variables
*P <0.05 is considered to be statistically different
NA not applicable

Biochemical indexes of COVID-19 participants

The laboratory tests of the 23 COVID-19 participants with
two follow-ups performed at admission, at 3-month follow-
up, and at 1-year follow-up are shown in Table 2. ALB, AST,
GGT, HDL-C, LDL-C, BUN, and Retinol-Binding Protein
(RBP) were within normal range or showed mild abnormali-
ties at admission, and significant differences among these
three periods were detected (for all, P <0.05). No differences
in ALT, TBIL, Creatinine, or estimated glomerular filtra-
tion rate (eGFR) were found (for all, P> 0.05). The labora-
tory testing results were also compared between the non-
severe and severe cases in the COVID-19 group (Table 3).
Blood urea nitrogen (BUN) showed a significant difference
between the severe cases and non-severe cases (P =0.008),
although it was within a normal range in each group. The
rest of the indexes showed no differences (for all, P> 0.05).

T1 mapping and IVIM-DWI findings of liver

An escalating trend of T1 relaxation time and a declin-
ing trend of ADC were observed in the sequence of the

3-month follow-up group to the 1-year follow-up group to
the control group. The D value of the 3-month follow-up
group was higher than that of the 1-year follow-up group
and the control group (P =0.001 and 0.010, respectively).
The f value in 1-year follow-up group was elevated com-
pared to the control group (P =0.019). The hepatic D*
value showed no differences among the three groups
(P> 0.05). Detailed comparisons among the three groups
were illustrated in Fig. 3. The typical cases from different
groups were shown in Fig. 4 and Fig. 5.

Table 4 presents a comparison of hepatic T1 and IVIM
parameters between the non-severe and severe cases in
the COVID-19 group. Severe cases had higher D* and
f*D* values than non-severe cases (P =0.031 and 0.015,
respectively). The typical non-severe and severe cases
were shown in Fig. 6. No differences of T1, ADC, D, or f
values were found (for all, P> 0.05). Hepatic T1 and IVIM
parameters between the non-severe and severe cases in the
1-year follow-up were also compared, but no significant
difference was detected (Table S3).

@ Springer
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Table 2 Comparisons of
laboratory parameters of the 23
COVID-19 participants with
two follow-ups at admission, at
3-month follow-up and at 1-year
follow-up

Table 3 Baseline clinical

and laboratory parameters at
3-month follow-up are shown
of non-severe and severe
participants in the COVID-19

group

IVIM-DWI Findings of Kidneys

In all participants, the left and right renal parenchyma exhib-
ited similar IVIM-DWI parameters (for all, P> 0.05). Thus,
the parameters of bilateral kidneys were averaged and used

@ Springer

Laboratory tests At admission (n=23) 3-month (n=23) 1-year (n=23) P
Albumin (ALB) (g/L) 40.7 (39.8,41.6) 45.7 (44.7,46.6) 45.9 (44.9,46.9) <0.001*
ALT (U/L) 30.0 (23.2,36.7) 27.7 (17.1,38.2) 24.1 (17.7,30.5) 0.236
AST (U/L) 30.1(25.9,34.3) 22.1(19.4,24.9) 20.6 (18.8,22.5) <0.001*
GGT (U/L) 44.6 (30.1,59.1) 30.7 (19.2,42.2) 27.3 (14.8,39.9) 0.032%*
TBIL (umol/L) 12.4 (9.7,15.0) 12.2 (10.0,14.3) 14.1 (10.0,18.1) 0.281
HDL-C (mmol/L) 1.1 (1.0,1.2) 1.2 (1.1,1.3) 1.3(1.2,1.4) 0.003*
LDL-C (mmol/L) 2.3(2.0,2.5) 2.6(2.4,2.8) 29(2.6,3.1) <0.001%*
BUN (mmol/L) 4.1 (3.6,4.6) 5.4 (4.8,6.0) 5.2 (4.6,5.8) <0.001*
Creatinine (Cr) (umol/L)  66.8 (60.7,72.9) 63.3 (58.2,68.5) 62.0 (54.6,69.5) 0.421
Retinol-Binding Protein ~ 24.8 (21.6,28.1) 32.3 (28.6,36.0) 34.9 (30.7,39.1) <0.001%*
(RBP) (mg/L)
eGFR (ml/min) 119.6 (108.0,131.1) 123.5(114.6,132.5) 129.1 (115.4,142.7) 0.425

Data are expressed as mean and 95%CI (in parentheses) for continuous variables

P values among laboratory tests obtained at different periods (at admission, at 3-month follow-up and at
1-year follow-up) were calculated with two-way ANOVA analysis followed by a Bonferroni multiple com-
parison test

*P <0.05 is considered to be statistically different. Normal range: Albumin (ALB), 40-55 g/L; ALT =Ala-
nine aminotransferase, 7-40 U/L; AST = Aspartate aminotransferase, 15-35 U/L; GGT =y-glutamyl trans-
peptidase, 7-45 U/L; TBIL =Total bilirubin, 0-21 pmol/L; HDL-C=High-density lipoprotein cholesterol,
1.04-1.68 mmol/L; LDL-C=Low-density lipoprotein cholesterol, 0-3.36 mmol/L; BUN=Blood urea
nitrogen, 2.6—7.5 mmol/L; Creatinine (Cr), 35-115 pmol/L; Retinol-Binding Protein (RBP), 25-70 mg/L;

eGFR =Estimated glomerular filtration rate, 80—-120 ml/min

Parameters Non-severe (n=24) Severe (n=13) P
Age(years) 51.7+12.3 58.5+12.2 0.138
Patient data (%)
No. of men 13 (52.0) 8 (66.6) 0.491
No. of women 12 (48.0) 4(33.3)
Albumin (ALB)(g/L) 45.6 (44.7,46.5) 45.3 (43.6,46.9) 0.674
ALT (U/L) 29.3 (19.4,39.2) 26.6 (13.1,40.1) 0.886
AST (U/L) 22.9 (20.3,25.5) 24.5 (14.7,34.3) 0.327
GGT (U/L) 32.1(21.5,42.7) 27.8 (19.3,36.2) 0.835
TBIL (pmol/L) 11.6 (9.6,13.6) 10.2 (7.4,13.0) 0412
HDL-C (mmol/L) 1.2 (1.1,1.3) 1.1 (0.9,1.3) 0.583
LDL-C (mmol/L) 2.7(2.5,2.9) 2.6(2.4,2.9) 0.843
BUN (mmol/L) 5.1(4.6,5.6) 6.5(5,4,7.5) 0.008*
Creatinine (Cr) (umol/L) 62.0 (57.4,66.5) 64.6 (57.3,71.9) 0.509
Retinol-Binding Protein (RBP) 32.0(28.3,35.6) 38.5(32.0,45.0) 0.051
(mg/L)
eGFR (ml/min) 125.4 (117.4,133.4) 121.2 (107.5,134.8) 0.553

Data are expressed as mean and 95%CI (in parentheses) for continuous variables and percentage (in paren-
theses) for categorical variables

P values between non-severe and severe cases were calculated with Mann—Whitney U-test
*P <0.05 is considered to be statistically different

for further analysis. In all three groups, the D values from
the cortex were higher than those from the medulla (for all,
P<0.01) (Table S1).

Cortical ADC and renal f values in the 3-month fol-
low-up group were the highest among the three groups
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Fig.3 Boxplots of T1 mapping and IVIM-MRI parameters in the
liver of the three groups (¥*P<0.05; **P<0.01, ***P<0.001).
Parameters without significant difference are not listed. P values
between two independent groups were calculated using Mann—
Whitney U-test. P values between paired variables (3-month fol-
low-up group and Il-year follow-up group) were calculated using

- 0.6

Wilcoxon Signed Rank Test. 3-month: 3-month follow-up group;
1-year: 1-year follow-up group; Control: control group. T1: msec;
ADC:x 107 mm?/s; D:x 10~ mm?/s; D*:x 10~ mm?s; f¥D*:x 10~
mm?/s. (Top and bottom of boxes: 25%-75% percentiles of data; line
in box: median value; circles: outliers.)

Fig.4 T1 mapping of the liver. a A 55-year-old woman from
3-month follow-up group with decreased T1 relaxation time. b
The same woman in (a) from 1-year follow-up group with slightly

— Y0 Y
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1200000 rr* )
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Fig.5 IVIM-derived D value of the liver. a A 62-year-old woman
from 3-month follow-up group with increased hepatic D value. b
The same woman in (a) from 1-year follow-up group with decreased

and were significantly higher than the ones in the control
group (P=0.001 and P <0.001, respectively). Medullary
ADC values in both the 3-month and 1-year follow-up
groups were significantly increased compared to the con-
trol group (P =0.016 and 0.002, respectively). The 1-year
follow-up group had the highest medullary f*D* value,

increased T1 relaxation time compared to figure (a). ¢ A 55-year-
old woman from control group with normal T1 relaxation time. (T1:
msec)

hepatic D value compared to figure (a). ¢ A 34-year-old from control
group with normal hepatic D value. (D: X 10~ mm?/s.)

which was significantly higher than that in the control
group (P=0.032). A detailed comparison between the
two groups was shown in Fig. 7. The typical cases from
the three groups were shown in Fig. 8. There were no dif-
ferences of the parameters between the non-severe and

@ Springer
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Table 4 Comparisons of T1

o Parameters Control (n=24) Non-severe (n=24) Severe (n=13) P
relaxation time and IVIM
parameters of éiver between Tl 908.74 (888.22-964.83) 835.9 (766.3-893.0) 806.9 (745.4-892.3) 0.712
non-severe and severe
participants in the COVID-19 ADC 1.33 (1.11-1.68) 1.74 (1.37-2.09) 1.89 (1.77-2.31) 0.090
group 0.82 (0.75-0.95) 0.92 (0.83-1.01) 0.97 (0.85-1.08) 0.287
f 0.19 (0.13-0.27) 0.23 (0.18-0.29) 0.25 (0.21-0.28) 0.483
D* 40.27 (18.89-60.73) 37.3 (30.6-69.9) 62.9 (43.7-89.6) 0.031*
f*D* 6.08 (2.72-12.11) 9.8 (6.9-14.4) 13.9 (13.0-18.3) 0.015%*
Data are expressed as median (P25-P75) for continuous variables
P values were comparisons between non-severe and severe participants calculated with Mann—Whitney
U-test
*P <0.05 is considered to be statistically different
T1 T1 relaxation time(msec), ADC apparent diffusion coefficient (X 1073 mm?s); D diffusion coefficient
(x 1073 mm?%/s)
D*: pseudo-diffusion coefficient (x 10~ mm®s); f: perfusion fraction; f¥D*: x 10~ mm?¥s
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Fig.6 Hepatic D* and f*D* values in a 47-year-old man with non-severe COVID-19 (top row) and a 54-year-old man with severe COVID-19
(bottom row). The severe case had higher hepatic D* and f*D* values than the non-severe case. (D*: X 1073 mm?s; £¥D*: x 107> mm?%/s.)

severe cases in the COVID-19 group (Table S2) and 1-year
follow-up group (Table S4) (for all, P> 0.05).

Discussion

In this study, lower hepatic T1 relaxation time and higher
diffusion/perfusion parameters (including ADC, D, f, and
f*D*) were found in the 3-month follow-up group of recov-
ered COVID-19 patients compared with the control group
of normal volunteers, with the hepatic D value decreasing

@ Springer

significantly and the T1 relaxation time increasing slightly
after a long-term follow-up. Recovered COVID-19 patients
had higher renal ADC and f values at both short-term and
long-term follow-ups. All these findings indicated that
recovered COVID-19 patients might have developed liver
and kidney impairments after infection, of which liver
impairments were able to recover gradually and kidney
impairments might exist for a long time.

According to our results, decreased T1 relaxation times
and increased ADC, D, f, and f*D* values of the liver were
detected in patients recovered from COVID-19 at 3-month
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Fig.7 Boxplots of IVIM-DWI parameters in the renal cortex and
medulla of the three groups (*P<0.05; **P<0.01, ***P<0.001).
Parameters without significant difference are not listed. P values
between two independent groups were calculated using Mann—Whit-
ney U-test. P values between paired variables (3-month follow-up
group and 1-year follow-up group) were calculated using Wilcoxon

Signed Rank Test. 3-month: 3-month follow-up group; 1-year:
1-year follow-up group; Control: control group. ADC:x 10~> mm?/s;
D:x 107 mm¥s; D*:x 107 mm?s; £*D*:x 10> mm?s. (Top and
bottom of boxes: 25%-75% percentiles of data; line in box: median
value; circles: outliers.)

Fig.8 IVIM-derived f value of the kidney. a A 59-year-old woman
from 3-month follow-up group with increased renal f value. b The
same woman in (a) from 1-year follow-up group with decreased renal

follow-up. COVID-19 patients were proved to develop
micro- or macro-vesicular steatosis pathologically, accom-
panied with inflammation, multifocal liver cell necrosis,
sinusoidal dilatation, and congestion [18-20]. Thus, we
assumed that the decreased T1 time might be attributed to
hepatic steatosis. In addition, the liver is the major organ for
synthesis of proteins involved in iron metabolism, including
hepcidin and transferrin [21]. Hepatocyte impairment might
result in iron deposition by reducing the production of hepci-
din [21], which could shorten T1 consequently. Although the
increased fluid caused by inflammation, necrosis, and con-
gestion might lengthen T1, hepatic steatosis and iron deposi-
tion were expected to be the dominant micro-changes rather
than acute tissue edema at the convalescence stage, which
finally shortened T1 relaxation time. During the long-term
follow-up, the T1 value showed mild elevation, probably
indicating an incomplete recovery of hepatic steatosis and
improved synthetic function via liver regeneration.

In this study, the inflammation-induced increased fluid
in the interstitial space and focal hepatic necrosis in recov-
ered COVID-19 patients were assumed to increase the D

f value compared to figure (a). C: A 36-year-old woman from control
group with normal renal f value. (T1: msec; D: x 10~ mm?%s.)

value [22]. Previous studies found that hepatic fat content
might also lead to increased D and f values [23, 24], which
is in line with our assumption. Except for steatosis, hepatic
congestion accompanied by capillary dilatation and elevated
permeability could also contribute to the elevated f and f*D*
values. Compared to non-severe cases, severe cases had
higher D* and f*D* values, demonstrating higher hepatic
perfusion in severe COVID-19 cases. After long-term
follow-up, the hepatic D value was significantly reduced,
reflecting that the inflammation-induced interstitial edema
and hepatic steatosis were relieved over time.

Increased ADC and f values from both the renal cortex
and medulla were observed in recovered COVID-19 par-
ticipants compared to normal volunteers. It was previously
reported that in the kidneys, f value was not only related to
vascular perfusion but also tubular fluid volume [12]. Based
on the fact that SARS-CoV-2-infected patients could develop
diverse tubular and glomerular diseases [25], we conjectured
that the elevated f values could be due to the increased fluid
loading caused by luminal dilatation reported in ATI [5, 26]
In addition to the elevated perfusion, edematous expansion
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of the interstitial space found in distal tubules and collecting
ducts [26] might also account for increased ADC. No obvi-
ous reductions of cortical ADC and f values were noted at
long-term follow-up, indicating the possible long-existing
of tubular and glomerular damage in recovered COVID-19
patients.

Consistent with earlier studies [27], more free water dif-
fusion in the renal cortex than the medulla resulted in higher
cortical D values in all three groups. In this study, the tiny
changes in D value at follow-ups indicated a smaller influ-
ence of SARS-CoV-2 infection on renal tissue diffusion than
perfusion. Interestingly, the medullary f*D* value exhib-
ited an increase at the long-term follow-up, suggestive of
increased fluid loading during the recovery phase. However,
the unstable D* value measured from the abdominal IVIM-
DWI sequence could be another cause, and further study is
needed to verify the speculation.

Liver and kidney MRI manifestations of COVID-19
patients have rarely been investigated in previous studies,
especially the dynamic changes at follow-ups. To the best
of our knowledge, this is the first prospective study using
T1 mapping and IVIM-DWTI to explore the functional imag-
ing characteristics of the liver and kidneys in COVID-19
survivors. However, our study also has several limitations.
First, T1 mapping with the VFA technique was sensitive to
the inhomogeneity of the field and cardiac or respiratory
motion artifacts, which could cause non-negligible bias. Sec-
ond, the IVIM-MRI scans were performed using the free-
breathing technique, which might affect the accuracy of the
data. Third, laboratory tests were not obtained in normal
volunteers to compare with COVID-19 participants. Finally,
the sample size in this study was relatively small, especially
the number of severe cases in the 1-year follow-up group.
A future study that includes a larger population is needed to
strengthen the statistical power.

Conclusion

In conclusion, the alterations of hepatic and renal imag-
ing parameters detected with T1 mapping and IVIM-DWI
were in line with the reported pathological findings in
recovered COVID-19 patients. The dynamic changes of the
imaging parameters indicated the potential reversibility of
liver impairment and the long-existing kidney perfusion
alterations.
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