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Abstract

Purpose To evaluate the reliability of quantitative ultrasonic
measurement of renal allograft elasticity using supersonic
shear imaging (SSI) and its relationship with parenchymal
pathological changes.

Materials and methods Forty-three kidney transplant recip-
ients (22 women, 21 men) (mean age, 51 years; age range,
18-70 years) underwent SSI elastography, followed by bi-
opsy. The quantitative measurements of cortical elasticity
were performed by two radiologists and expressed in terms
of Young’s modulus (kPa). Intra- and inter-observer reproduc-
ibility was assessed (Kruskal-Wallis test and Bland-Altman
analysis), as well as the correlation between elasticity values
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and clinical, biological and pathological data (semi-quantita-
tive Banff scoring). Interstitial fibrosis was evaluated semi-
quantitatively by the Banftf score and measured by quantitative
image analysis.

Results Intra- and inter-observer variation coefficients of
cortical elasticity were 20 % and 12 %, respectively.
Renal cortical stiffness did not correlate with any clin-
ical parameters, any single semi-quantitative Banff score
or the level of interstitial fibrosis; however, a significant
correlation was observed between cortical stiffness and
the total Banff scores of chronic lesions and of all
elementary lesions (R=0.34, P=0.05 and R=0.41, P=0.03,
respectively).
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Conclusion Quantitative measurement of renal cortical stiff-

ness using SSI is a promising non-invasive tool to evaluate

global histological deterioration.

Key Points

* Supersonic shear imaging elastography can measure cor-
tical stiffness in renal transplants

* The level of cortical stiffness is correlated with the global
degree of tissue lesions

* The global histological deterioration of transplanted
kidneys can be quantified using elastography

Keywords Kidney - Transplantation - Elastography -
Ultrasound - Renal fibrosis

Introduction

The development of interstitial fibrosis and tubular atro-
phy (IF/TA), previously called chronic allograft nephrop-
athy (CAN) [1], is the major determinant of renal allograft
failure after kidney transplantation. The natural history of
IF/TA in transplanted kidneys has been well studied
through protocol biopsies. The early phase, which gener-
ally occurs during the first years post-transplantation, is
characterised by fibrogenesis and the emergence of tubulo-
interstitial damage due to immunological phenomena; the late
phase is characterised by the worsening of parenchymal
lesions (irreversible interstitial fibrosis, tubular atrophy, arte-
riolar hyalinosis) and the occurrence of glomerular sclerosis,
leading to graft loss [2, 3].

Non-invasive markers of these pathological changes are
lacking and protocol biopsies are still the only reliable tool
for the diagnosis of IF/TA. The increase in creatininaemia is
detected at a later stage when lesions are irreversible and
thus is not adequate for following the early progression of
IF/TA. Transplant biopsy remains an invasive approach and
is associated with possible haematuria, haematomas, arterio-
venous fistula and, in rare cases, transplant loss despite
ultrasound guidance. Therefore, there is a critical need to
develop non-invasive and reproducible alternatives. Quanti-
tative elastography is now a well-established method for
screening and monitoring liver tissue stiffness. Conversely,
static elastography is not adequate for that purpose because
it is not quantitative [4]. Quantitative transient elastography
(Fibroscan®, Echosens, Paris) has been validated for screen-
ing and monitoring liver fibrosis in chronic hepatitis, per-
mitting many patients to avoid biopsy [5—7]. Acoustic
radiation force impulse (ARFI) (Acuson S2000; Siemens
Medical Solutions, Mountain View, CA, USA) is another
promising quantitative transient elastography technique for
assessing liver fibrosis [8]. Both of these techniques are uni-
dimensional and were recently evaluated in kidney trans-
plants in three pilot studies [9—11] with contradictory results

and without systematic evaluation of all pathological items.
The quantitative bidimensional supersonic shear imaging
(SSI) technique was successfully implemented on curved
arrays for in vivo liver elasticity mapping [12]. Recently, its
ability to assess the degree of liver fibrosis of hepatitis C
patients was also investigated in 113 patients with very
promising results [13]. For all these reasons, we conducted
a pilot study using the SSI technique in transplanted kidneys
in order to evaluate the intra- and inter-observer reproduc-
ibility of cortical stiffness measurement and its potential
correlation with all histological lesions described in the
Banff classification [1, 14].

Materials and methods
Subjects

Between January 2010 and May 2010, 49 consecutive kid-
ney transplant recipients (KTRs) scheduled for renal biopsy
at the Bordeaux Hospital were included in this study (47
deceased donors and two living donors) to perform both
transplant biopsy and transplant stiffness measurement using
SSI. Nine of the patients were transplanted with anti-donor-
specific antibodies and thus had a protocol biopsy during the
first 3 months post-transplantation. All other patients had a
clinically indicated biopsy: nine during the first year post-
transplantation and 31 after the first year post-transplantation.
This prospective study was approved by the French National
Committee for the Protection of Patients Participating in
Biomedical Research Programs (“CPP du Sud-Ouest et Outre
Mer 1117, 2008-A00834-51), and all patients provided written
informed consent.

Elastography sequence and data processing

Measurements of renal stiffness were performed just before
biopsy by two radiologists (N.G. and B.D.) who were blinded
to each other’s results. Eight successive measurements in the
cortex and in the medulla were performed in each patient by
each radiologist. An ultrafast ultrasound device (Aixplorer®,
SuperSonic Imagine, Aix-en-Provence, France) was used with
a 3.5 MHz probe (SC6-1, SuperSonic Imagine). The princi-
ples of SSI have been previously reported [15, 16]. Briefly, a
vibration force was generated in tissues by four successive
ultrasound beams focused at different depths (5-mm spacing).
Each focused beam, a so-called pushing beam, consisted of a
150-ps burst at 8 MHz. Propagating shear waves were imaged
at a very high frame rate (up to 20,000 frames/s) and raw
radiofrequency data were recorded. The movies of displace-
ments induced in tissues by the shear wave were calculated
using the speckle tracking correlation technique. Then the
shear wave speed (ct) was locally deduced by applying a
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time-of-flight algorithm to these movies. The elastic modulus,
the so-called Young’s modulus (E), was calculated from the
shear wave speed in locally homogeneous soft tissues based on
the following equation: 1E =~ 3y = 3pc?, where L is the shear
modulus and p is the density. Results were displayed on a
colour scale in kPa (Young’s modulus) as presented in Fig. 1.

The colour scale elasticity map was positioned to cover
the anterior aspect of the lower pole of the transplant,
corresponding to the biopsy site. Data analysis of elasticity
values was performed by using regions of interest within the
cortex and the medulla. The regions of interest were approx-
imately 1 cm? and drawn by each observer within the cortex
and within the medulla. Measurements with a standard
deviation value greater than 30 % of the mean within the
region of interest were considered as inadequate and were
subsequently excluded from data analysis.

Biopsy

Cortical biopsies were performed in the lower pole of the graft
with a 16 gauge biopsy needle guided by ultrasound. For
histological examination by light microscopy, biopsy speci-
mens were fixed, embedded in paraffin, sectioned at 2 pm,
and stained with Masson’s trichrome, haematoxylin-eosin and
periodic acid Schiff. Histological analyses were performed by
one pathologist (S.L.) who was blinded to the elastography
results. All biopsies were graded according to the updated
semi-quantitative Banff classification [1, 14] by scoring each
of the following parameters: interstitial inflammation (i),

Fig. 1 Example of quantitative
elasticity map of the lower pole
of a kidney transplant. The
regions of interest are
positioned in the cortex (open
circle) and the medulla (dashed
circle) using the B-mode image.
The colour map is a distribution
of elasticity values scaled from
0 to 60 kPa and calculated from
shear wave velocity values
using Young’s modulus
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tubulitis (t), glomerulitis (g), intimal arteritis (v), peritubular
capillaritis (cpt), interstitial fibrosis (ci), tubular atrophy (ct),
allograft glomerulopathy (cg), mesangial matrix increase
(mm), fibrous intimal thickening (cv), arteriolar hyaline thick-
ening (ah). A scoring of IF/TA was also calculated by adding
up the ci and ct scores.

Interstitial fibrosis measurement by quantitative image
analysis

For all biopsies, a cortical section stained with green
trichrome was centrally imaged in a blinded manner using
a Zeiss Mirax Scan slide device with a 20x objective
(NA=0.8) and a CCD Marlin camera. As this set-up is a
virtual microscope, we chose one resolution for image
processing and thus exported the images to tiff format at
a scale of 1:8. For each biopsy, a cortical section from one
slide was captured. The medulla was eliminated at the
acquisition phase or during analysis by the observer. For
each biopsy, the entire cortical region was analysed in a
stepwise fashion as a series of consecutive fields. Images
were analysed by new colour segmentation image analysis
software (Patent EU number 2004292513-1). We used
clustering techniques to reduce the colour image into three
colour classes, in the [1TH2H3 colour space defined by I1 = (R +
G +B)/3,H2=R - G and H3 = (R + G)/2 - B. Then, two masks
were extracted from the reduced colour image: (1) the cortical
biopsy area and (2) the green mask. The interstitial fibrosis area
is defined as the surface of green pixel minus the pixels of

v Q-Box™

i Min 2.55 kPa

i Max 26.55 kPa

° Std Dev 5.8
Ratio 2.3
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tubular basement membranes, capsule, glomeruli and vessels.
The index of the interstitial fibrosis is defined as the ratio
between the interstitial fibrosis area and the total surface of
the cortex area in the biopsy. The segmentation procedure is
sufficiently robust for the various degradation factors that can
affect image quality, such as histological section quality and
colour staining. The inter- and intra-observer standard devia-
tions for quantitative image analysis were 0.88 (95 % CI: 0.68—
0.99, P=7.5e-12) and 0.90 (0.63—0.99, P=3.54¢-13), respec-
tively [17, 18].

Statistical analysis

Mean cortical and mean medullary elasticity values were
calculated for each patient. Intra- and inter-observer re-
producibility were assessed by a coefficient of variation
(CV = SD/mean % 100) and agreement was assessed by
an intra-class correlation coefficient. Reproducibility anal-
ysis between the two observers was also performed using
the Kruskal-Wallis test and the Bland—Altman test. Be-
cause stiffness values were not normally distributed, the
median of the eight measurements obtained in each pa-
tient was calculated and used for subsequent analysis.
Pearson’s correlation analysis was used to measure the corre-
lations between kidney stiffness and the clinical parameters
and the Banff semi-quantitative scores. Analyses were per-
formed with Statview Software (Abacus Concepts, Berkeley,
CA, USA).

Results

The assessment of renal allograft parenchymal stiffness was
successful in 43 patients. The characteristics of these 43
KTR with SSI quantitative elastography and transplant bi-
opsy data are summarised in Table 1.

Renal pathological conditions

The mean number of glomeruli per biopsy was 11.6+6.6.
The diagnoses made by the pathologist were: IF/TA (n=31),
BK virus nephropathy (n=2), chronic active antibody-
mediated rejection (n=7), acute antibody-mediated rejection
(n=1), acute T-cell-mediated rejection (n=1) and acute tu-
bular necrosis (z=1). The semi-quantitative scoring of renal
lesions showed mainly tubular atrophy and interstitial fibro-
sis lesions (Table 2). The mean percentage of interstitial
fibrosis measured by quantitative image analysis across all
patients was 32.4+10.8 %. We observed a very good corre-
lation between the measurements of interstitial fibrosis by
the semi-quantitative Banff score and the quantitative image
analysis (r=0.74, P=0.0001). C4d deposition was only
found in one patient. The patient displaying acute tubular

Table 1 Patients’ characteristics

Donor Value
Age (years) 50 [17-75]
Expanded criteria donor (%) 15 (35 %)
Hypertension (%) 9 (21 %)
Cerebral stroke (%) 16 (37 %)
Cardiac arrest (%) 9 (21 %)
Creatininaemia (umol/l) 80 [38-404]
Ischaemia (hours) 18 [1-38]
Number of HLA 2 [0-5]
mismatches
Recipient

Age (years) 51 [18.5-69.9]
21 (49 %)

71 [40-92]
168 [148-185]
25 [17.8-32.0]
18 (42 %)

174 [65-437]

Sex (men, %)

Weight (kg)

Height (cm)

Body mass index (kg/m?)
Sensitised patients (%)

Creatininaemia at
biopsy (umol/l)

Estimated glomerular 34 [12-83]
filtration rate
(MDRD, ml/min)

Proteinuria (g/1) 0.3 [0-5.6]

Time between
transplantation and
biopsy (months)

26.6 [0.3-214.3]

Delayed graft 11 (26 %)
function (%)

Past medical history 4 (9 %)
of acute rejection (%)

Cytomegalovirus 12 (28 %)

infection (%)
Induction treatment (%)
No/Simulect/ 3(7%)/22
Thymoglobulin (51 %)/ 18 (42 %)
Treatment at biopsy (%)

Tacrolimus/ 31 (72 %) / 10
Cyclosporine/ (23 %) /2 (5 %)
Everolimus

Mycophenolate 40 (93 %) / 2 (5 %)
mofetil/Imurel

Steroids 28 (65 %)

Initial nephropathy (%)
Glomerular 18 (42 %)
Hereditary 9 (21 %)

Tubulo-interstitial 7 (16 %)
Hypertensive 4 (9 %)
Undetermined 5 (12 %)

Unless otherwise stated, results are given as median (min — max) or n (%)

HLA human leucocyte antigen, MDRD modification of diet in renal
disease

necrosis was excluded from the subsequent analysis because
the t score was not applicable.
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Table 2 Correlation between histological Banff scores and renal stiff-
ness by elastography

Mean = SD  r P value
Banff semi-quantitative score
i 0.6+0.7 0279  0.09
t 0.1+0.5 0.118 0.5
g 0 - -
v 0 - -
cpt 0.16+0.4 0291 0.08
ci 1.5+£0.8 0.286 0.09
ct 1.4+0.9 0261 0.1
cg 0.5+0.9 0.164 03
mm +0.3 0259 0.1
cv 0.9 +0.9 0255 0.1
ah 0.9+0.8 0.089 0.6
Percentage of glomerular sclerosis ~ 20.1+24.6  0.084 0.6
Sum of Banff score
itt+v 0.6+1.0 0313 0.08
g+ v+ept 0.2+0.5 0261 0.1
ci+ct 3.0+1.6 0277 0.1
citct+tcg+ev 44425 0.342  0.05
itt+tg+vtepttcitcettegt 6.0£3.6 0.410 0.03

mm + cv + ah

Interstitial inflammation (i), tubulitis (f), glomerulitis (g), intimal
arteritis (v), peritubular capillaritis (cpt), interstitial fibrosis (ci),
tubular atrophy (c?), allograft glomerulopathy (cg), mesangial matrix
increase (mm), fibrous intimal thickening (cv), arteriolar hyaline
thickening (ah)

Measurement of renal allograft stiffness by elastography

The mean number of adequate measurements per patient
was 7.9+0.3 in the cortex and 7.2+1.4 in the medulla
for the first observer and 7.6+1.0 in the cortex and 6.7+1.8 in
the medulla for the second observer (Table 3). The intra-
observer variability coefficients were 20 % and 22 % in the
cortex and 32 % and 31 % in the medulla for the first and
second observers, respectively. The median stiffness values
obtained by the two observers were 22.9+2.7 kPa in the
cortex and 16+2.9 kPa in the medulla. The inter-observer
variability coefficients were 12 % in the cortex and 18 % in
the medulla. Inter-observer agreement was greater for the
cortex than the medulla with intra-class correlation coeffi-
cients of 0.60 (0.34-0.76, P=3.15x10) and 0.26 (—0.07 to
0.54, P=6.14x 107?), respectively. This was confirmed by the
Kruskal-Wallis and the Bland—Altman tests (Fig. 2). In three
KTR, we observed a large discrepancy in cortical stiffness
measurement, characterised by inter-observer variability
higher than 30 %. These patients were excluded from the
subsequent correlation analyses.

@ Springer

Table 3 Measurement of renal allograft stiffness by elastography

Cortex

Medulla

Observer 1

Number of measurement
Median stiffness (kPa)
Variability coefficient (%)
Observer 2

Number of measurement
Median stiffness (kPa)
Variability coefficient (%)

7.940.3
23.6 [8.8-41.2]
20

7.6%1.0
22.5 [12.7-49.4]
22

7.2+14
17.5[9.1-28.8]
32

6.7+1.8
15.5 [9.5-43.0]
31

Observers 1 and 2
Median value (kPa) 22.9 [11.7-42.6] 16 [10.6—32.0]
Variability coefficient (%) 12 18

Unless otherwise stated, values are given as mean = SD or median
[min — max]

Correlations between cortical stiffness and clinical
and biological parameters

For the remaining 39 patients, the mean of the median
stiffness values measured by the two observers for each
patient was compared with clinical, biological and patho-
logical data. We did not observe any correlation between
renal cortical stiffness and donor characteristics (age, ex-
tended criteria donor, history of cardiac arrest, history of
hypertension, serum creatinine), recipient characteristics at
the time of biopsy (age, sex, time between transplantation
and biopsy, weight, height, body mass index, estimated
glomerular filtration rate by MDRD formula, proteinuria,
type of immunosuppressive treatment), number of HLA
mismatches, total duration of ischaemia, history of delayed
graft function, history of acute rejection or history of CMV
infection.

Correlations between cortical stiffness and pathological
condition

Correlations between renal cortical stiffness and each in-
dividual score of the semi-quantitative Banff classification
are detailed in Table 2. None of these scores was corre-
lated with the measurement of cortical stiffness, including
interstitial fibrosis (ci) (Fig. 3a). Moreover, cortical stiff-
ness was correlated with neither the level of interstitial
fibrosis measured by quantitative image analysis (Fig. 3b)
nor the scoring and grading of IF/TA (ci + ct) (Fig. 3c, d,
respectively). Interestingly, renal cortical stiffness did cor-
relate with the sum of the scores of chronic lesions (ci +
ct + cg + cv) and the sum of the scores of all individual
lesions i+t+ g+ v+cpt+ci+ct+cg+mm+ecv+
ah) (R = 0.34, P=0.05 and R = 0.41, P=0.03, respectively;
Fig. 3e, 1).
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Fig. 2 Inter-observer reproducibility evaluated by Bland—Altman plots
and the Kruskal-Wallis test. The Bland-Altman plot compares inde-
pendent measurements of cortical and medullary stiffness of two
observers in 43 transplanted kidneys. For each observer and each
patient, stiffness values are median values calculated from eight

Discussion

This study shows that transplanted kidney cortical stiffness
measurement using the non-invasive SSI technique is feasi-
ble and reproducible. This stiffness measurement reflects a
global histological deterioration characterised by the sum of
each individual pathological lesion described in the Banff
classification.

Our cohort can be considered representative of the
kidney transplant population in terms of patients’ age,
sex, deceased or living donor, immunosuppressive treat-
ment, and acute rejection incidence. In order to have a
heterogeneous and representative population, we included
patients who had either a protocol biopsy or a clinically

Kruskal-Wallis test
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Observers

individual measurements. The difference between the two observers
is expressed as a percentage deviation from the average of both
observers. Horizontal lines are drawn at the mean difference and at
the mean difference plus and minus 1.96-times the standard deviation
of differences

indicated biopsy. In this latter group, we included both KTR
with a follow-up within and after 1 year post-transplantation,
in order to have various histological lesions. As expected,
histological analysis showed a high IF/TA incidence, which
is the predominant pathological change observed in trans-
planted kidney [19].

The feasibility of renal sampling using SSI reaches 88 %.
Reliable data could not be obtained in 12 % (six patients).
Of these, 6 % were due to sampling failures (three patients)
with inadequate elasticity maps showing incomplete data
filling. This could be due to a lack of sensitivity of the
system according to the quality of transmission of the acoustic
“pushing” beam responsible for an inadequate signal/noise
ratio. The other 6 % were due to more than 50 % of inadequate
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Fig. 3 The relationships between cortical stiffness and semi-
quantitative scoring of interstitial fibrosis (a), quantitative measure-
ment of interstitial fibrosis by image analysis (b), IF/TA scoring (¢) and
grading (d), sum of individual chronic changes (e) and sum of all
pathological changes (f). Interstitial inflammation (i), tubulitis (¢),

measures. This failure rate is higher than those reported in the
liver with the Fibroscan® (2.4-9.4 % failure rates) [20], mainly
related to obesity [5]. This difference between the two
organs may be explained by the difference in the depth of the
sampling zone and by the interposition of post-operative
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riolar hyaline thickening (ah)

heterogeneous tissue between the probe and the graft after
renal transplantation.

The intra-observer variability coefficients were considered
acceptable for the cortex (20 % and 22 %) but unacceptable for
the medulla (31 % and 32 %). A similar level of intra-observer
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variability was reported for renal cortex using the ARFI system
(i.e. between 22 and 24 %) [10]. In the liver, the intra-observer
variability is much lower than that reported in the kidney, with
coefficients of variation < 5 % using Fibroscan® [20] and
3.9 % using SSI [12]. To our knowledge, ARFI has not been
analysed for intra-observer variability in the liver [8].

These results highlight the difference between these two
organs with respect to reproducibility, the liver tissue being
much more homogeneous than the renal tissue. This variability
could be explained by several parameters: (1) unlike the liver,
the kidney is characterised by a complex anatomical organisa-
tion with several compartments; (2) the large differences in
blood flow between the kidney (a high-pressure arterial flow)
and the liver (mainly a low-pressure venous flow); (3) the
cellular architecture in kidney is highly anisotropic, as has
been shown with diffusion-weighted magnetic resonance im-
aging [21], which may have a serious impact on shear wave
onset (the efficiency of the acoustic push in creating a shear
wave depends on the orientation of the tissue interfaces) and
propagation (shear wave propagation velocity is dependent on
tissue orientation, being higher in the direction of the main
tissue directivity).

Similarly, inter-observer variability and intra-class correla-
tion coefficients were acceptable for the cortex. There was no
correlation between this variability and weight, height, body
mass index (BMI) or any other factor related to the patient
(data not shown). A good inter-observer agreement was also
reported using ARFI [10]. We have no explanation for the
high inter-observer variability coefficient (>30 %) obtained in
three patients and these values have been excluded from the
subsequent correlation analysis.

The correlation between renal elasticity quantification
and intra-renal pathological changes is quite controversial
in the literature. Arndt et al. [9], using the Fibroscan®, found
a correlation between renal stiffness and the degree of inter-
stitial fibrosis, whereas Syversveen et al [10], using ARFI,
did not. Conversely, Stock et al. [11] found a positive but
moderate correlation between mean ARFI values and the
grade of fibrosis, based on 18 patients only. The positive
correlation reported with Fibroscan® is quite surprising
because this system drives a fixed sampling volume in depth
and it is not image-guided, which is a major limitation
considering the compartmentalisation of the kidney. In the
present study, quantitative two-dimensional (2D) mapping
of renal stiffness shows no correlation with interstitial fibro-
sis by using either the classical semi-quantitative Banff
score or the quantitative image analysis. One possible ex-
planation for this discrepancy is the non-specificity of stift-
ness changes related to interstitial fibrosis. This is confirmed
by the correlation we obtained between cortical stiffness and
the sum of all semi-quantitative Banff lesions. However,
comparative studies between SSI and ARFI would be
worthwhile in the future.

In summary, our results suggest that the degree of renal
cortical stiffness does not reflect any specific intra-renal
change, such as fibrosis, but rather the association of
several renal microlesions, especially chronic lesions. This
study also suggests that the quantification of tissue stiff-
ness using ultrasound is more complex within the kidney
than within the liver because of high tissue heterogeneities
and anisotropy, increasing its variability. Before conduct-
ing any additional studies, it will be necessary to evaluate
more precisely the effect of anisotropy on elasticity values
within each renal compartment and probably the role of
urinary pressure and tissue perfusion in this highly vascularised
organ.
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