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O R I G I N A L  A R T I C L E 

PURPOSE 
We aimed to evaluate if acoustic radiation force impulse (ARFI) shear-wave elastography (SWE) 
can detect change of parenchymal stiffness in an ex vivo porcine kidney model of acute urinary 
tract obstruction.

METHODS
A total of 20 heparinized pig kidneys were investigated at 10 intrapelvic hydrostatic pressure 
steps (0–90 mmHg). SWE (ARFI; Virtual TouchTM IQ, Siemens) measurements were taken at three 
different measuring regions and in two measuring sequences using a linear ultrasonography 
probe (9L4, Siemens). Median values of 10 shear-wave speed (SWS) measurements were calcu-
lated for each pressure step. Logarithmic transformed median SWS values were analyzed in a 
linear mixed model.

RESULTS
SWS increased significantly with increasing intrapelvic pressure. Median SWS for all kidneys in 
both measuring sequences and all measuring regions was 1.47 m/s (interquartile range [IQR], 
0.38 m/s) at 0 mmHg, 1.94 m/s (IQR, 0.42 m/s) at 30 mmHg, 2.07 m/s (IQR, 0.43 m/s) at 60 mmHg, 
2.24 m/s (IQR, 0.49 m/s) at 90 mmHg. The correlation between pelvic pressure increase and medi-
an SWS values for the central parenchyma was significantly higher compared with the peripheral 
parenchyma.

CONCLUSION
Acutely increased renal pelvic pressure correlates with increasing SWS values in ARFI elastogra-
phy in an ex vivo porcine kidney model.
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Urinary tract obstruction in adults is mostly acute and cannot only occur as a result 
of obstructing kidney stones but also as a result of rapidly growing tumors. Urinary 
tract obstruction is a relatively rare cause of significant acute kidney injury; however, 

it is associated with two-fold higher risk of chronic kidney disease (CKD) independent of 
other known CKD risk factors (1). In contrast to adults, obstructive uropathies in children are 
mostly chronic due to congenital obstructive uropathies and are the underlying renal con-
dition in 22% of pediatric CKD patients in the registry of the North American Pediatric Renal 
Trials and Collaborative Studies (NAPRTCS) (2, 3). Acute obstruction, if quickly corrected, is 
readily reversible. Early diagnosis and treatment of obstructive uropathy might prevent or 
delay chronic renal damage and the risk of future renal replacement therapy.

The primary approach in imaging is ultrasonography (US) examination. However, a rou-
tine US examination will show renal morphology only; it does not discriminate between 
obstructive and nonobstructive dilatations of the urinary tract and does not provide infor-
mation on the clinical relevance of an obstruction. For this purpose additional examinations 
such as renal scintigraphy are required.

A new promising method called point shear-wave elastography (SWE) with acoustic radi-
ation force impulse (ARFI) technology, integrated into the conventional US system, allows 
the assessment of tissue elasticity during the US examination. An increase in parenchymal 
stiffness comes along with increasing shear-wave speed (SWS) values. In urinary tract ob-
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struction, elevated renal pelvic pressure 
could be observed (4) and it is reasonable 
to assume that this will also influence renal 
tissue stiffness. Normal pelvic pressure in 
vivo in humans is close to 0 mmHg. Short 
episodes of higher pressure in the ureter 
can be caused by physiologic peristaltic 
waves, but the pressure in renal pelvis nor-
mally remains low. In the first minutes after 
acute urinary tract obstruction, reflective 
hyperperfusion and increased diuresis of 
the kidney and factors like an increase in 
muscular peristaltic may lead to a fast in-
crease in pelvic pressure up to 70 mmHg (5). 
Within days, the renal hyperperfusion turns 
into a hypoperfusion and the muscular 
hyperperistaltic turns into hypoperistaltic 
with a consecutively normal to low intrare-
nal pelvic pressure.

A similar constellation of obstruction, tis-
sue stiffness, and increased SWS was already 
shown for obstructive diseases of the bili-
ary system (6) and of the salivary glands (7). 
While in adult patients with acute hydrone-
phrosis caused by ureteral stones an increase 
of SWS values was observed (8), situation in 
pediatric patients with acute or chronic uri-
nary tract obstruction is still unclear. Prelim-
inary data in pediatric patients suggest that 
in patients with vesicoureteral reflux SWS 
was increased (9); however, in patients with 
uretropelvic junction obstruction Habibi et 
al. (10) found lower SWS values.

In order to simulate acute urinary tract 
obstruction, we developed an ex vivo por-
cine kidney model for SWE examination to 
evaluate the effect of stepwise renal pelvic 
pressure increase and decrease on tissue 
stiffness and SWS.

Methods
Experimental approach

All institutional and national guidelines for 
the care and use of laboratory animals were 

followed, including the NIH guidelines for the 
use of laboratory animals, in this study.

A total of 20 pig kidneys were examined 
by SWE in an ex vivo approach. Fresh cadav-
er kidneys were collected from euthanized 
pigs. After explantation, each kidney speci-
men was flushed via the renal arteries with 
heparin solution (1000 IU Heparin/20 mL 
sodium chloride 0.9%) (B. Braun Medical). 
The renal specimens were cooled in phys-
iologic saline solution at approximately 
5°C for transportation to US examination 
unit within 30 min. In the experimental set-
up the kidneys were put into a measuring 
tank filled with 7.5 cm new saline solution, 
measurements themselves were performed 
at a temperature of 20°C equivalent to the 
ambient temperature. The cut off end of a 
Heidelberg extension tube with an inner di-
ameter of 3.0 mm and an outer diameter of 
4.1 mm (Becton, Dickinson and Company) 
was prepared into the ureteral pelvic junc-
tion and fixed with a purse-string suture. 
In addition, the open end of the ureter was 
sealed by a cable strap as shown in Fig. 1 
(11). A three-way stopcock (Becton, Dickin-
son and Company) connected the opposite 
end of the Heidelberg extension tube with 
an infusion set and the measuring probe 
of the pressure monitoring system (Philips 
IntelliVue MP5, Philips). Pelvic pressure was 
adjusted by raising and lowering the infu-
sion bag containing physiologic saline solu-
tion. Thereby, the pelvic pressure was kept 
constant at each pressure level. SWS mea-
surements were performed at 10 pressure 

intervals of 10 mmHg each ranging from 0 
to 90 mmHg. As soon as the pressure moni-
toring system showed constant pelvic pres-
sure for at least 10 s, SWE measurements 
were started.

Elastography
B-mode US and SWE (Virtual TouchTM IQ, 

Siemens) were performed using the US sys-
tem Acuson HELXTMEvolution S3000 (Sie-
mens) with a linear US probe (9L4, Siemens). 
To exclude external pressure to the renal 
surface the probe was clamped on a labora-
tory stand. Thus, a minimal deviation of the 
measuring position could be achieved for 
each series of measurements (12). The US 
probe and the renal surface were positioned 
right-angled to each other in the saline solu-
tion. The distance between the probe and 
the renal surface was set at 1 cm at a pelvic 
pressure level of 0 mmHg, in order to achieve 
a more constant depth for the ARFI measure-
ments. As the renal surface is not completely 
plane but curved, the positioning of the US 
probe was subject to slight inaccuracies.

For each pressure level a conventional 
B-mode image (Figs. 2a, 3a) and a quality 
map (Figs. 2b, 3b) were saved. Regions of 
interest (ROIs) were only placed in regions 
of maximum quality (color-coded in green 
in the quality map). Ten SWS measure-
ments were performed at each pressure 
level by setting 10 ROIs next to each other 
as shown in Figs. 2c, 3c. In order to char-
acterize reversibility of the effect of pelvic 
pressure, SWS measurements were per-

Main points

• Acutely increased renal pelvic pressure cor-
relates with increasing shear-wave speed 
(SWS) values in acoustic radiation force im-
pulse (ARFI) elastography in an ex vivo porcine 
kidney model.

• Measuring in the parenchyma next to the renal 
pelvis comes along with the highest correlation 
between intrarenal pelvic pressure and SWS.

• The ARFI elastography might be helpful to 
identify increased intrarenal pelvic pressure in 
patients with acute urinary tract obstruction.

Figure 1. Kidney specimen preparation with a purse-string suture and a cable strap.
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formed in two measuring sequences for 
every kidney specimen. In the first test se-
ries, called increasing sequence, the pres-
sure was increased from 0 to 90 mmHg 
in steps of 10 mmHg. The following test 
series, called decreasing sequence, took 
place right after the first one for every kid-
ney. In the decreasing sequence, the pres-
sure was decreased 10 mmHg step by step 
from 90 to 0 mmHg.

The size of the rectangular ROI was 2×2 
mm thus a selection of different measure-
ment regions in the renal parenchyma was 
possible. Three measuring regions were de-
fined for every measurement series to iden-
tify the highest physiologic effect on SWS 
according to the distance to the renal pelvis 
and capsule: the peripheral parenchyma re-
gion (1 cm maximum distance to the renal 
capsule), the intermediate parenchyma re-

gion (at least 1 cm distance to the perirenal 
capsule and renal pelvis) and the central pa-
renchyma region (1 cm maximum distance 
to the renal pelvis) (Fig. 4).

Statistical analysis
All statistical analyses were performed us-

ing the statistical package SAS for Windows 
Version 9.3 (SAS Institute Inc.). The median of 
10 values in a measurement series was de-
fined as dependent variable of a defined pel-
vic pressure stage because of relative robust-
ness in case of outliers. Exploratory analysis 
was performed using spaghetti plots as well 
as linear regression plots of all kidneys. Linear 
regression plots were also created for every re-
gion and direction (increasing versus decreas-
ing sequence) of measurement, in order to 
obtain better knowledge of the dataset for the 
following modeling. In order to stabilize the 

variance, in a further step median SWS were 
log transformed. A mixed model with fixed 
and random effects was created (13). Random 
effects were defined for the individual kid-
neys as well as for the variability of the indi-
vidual kidneys within a measuring region. As 
fixed effects, pressure, measuring region and 
direction of the measuring sequence were 
included. An unstructured covariance struc-
ture was assumed. Parameters of the model 
were obtained using the restricted maximum 
likelihood method. Influence statistics were 
calculated in order to gain further knowledge 
about influencing factors. The significance lev-
els were set at 5% (14).

Results
Median SWS in 20 pig kidneys, at 10 pres-

sure levels, measured in an ascending and 

Figure 2. a–c. Conventional B-mode US (a), quality map (b) and ARFI-Virtual Touch IQ elastography image with 10 ROIs in the peripheral parenchyma 
region (c) at a pressure level of 0 mmHg (kidney 19).

a b c

Figure 3. a–c. Conventional B-mode US (a), quality map (b) and ARFI-Virtual Touch IQ elastography image with 10 ROIs in the peripheral parenchyma 
region (c) at a pressure level of 60 mmHg (kidney 19).

a b c
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descending sequence each, as well as in 
three different regions, resulted in a total 
of 1200 SWS values (range, 0.97–3.95 m/s) 
without any missing values.

Regarding the effect of intrapelvic pres-
sure on SWS values in all measurements, 
the median of SWS by defined pressure 
levels revealed a SWS of 1.47 m/s (inter-

quartile range [IQR], 0.38 m/s) at a pressure 
level of 0 mmHg, 1.94 m/s (IQR, 0.42 m/s) 
at 30 mmHg, 2.07 m/s (IQR, 0.43 m/s) at 60 
mmHg and 2.24 m/s (IQR, 0.49) at 90 mmHg 
as shown in Table 1.

A general increase of median SWS values 
for increasing pelvic pressure values could 
be observed for all 20 kidneys. Neverthe-

less, there were kidneys showing flatter or 
steeper gradients of SWS rise.

Linear regression plots are shown in  
Fig. 5 for increasing and decreasing se-
quences. The median SWS values for all kid-
neys in lower pressure levels were lower in 
the increasing measuring sequence than in 
the decreasing measuring sequence. Fig. 6 
demonstrates the results of three different 
measuring regions. The SWS values were 
similar in all three measuring regions at a 
pelvic pressure of 0 mmHg with marginally 
higher values for the intermediate paren-
chyma region. However, the SWS showed a 
steeper increase in the central parenchyma 
region than in the intermediate parenchy-
ma region than in the peripheral paren-
chyma region. The standard deviation for 
all SWS medians for all pressures and both 
measuring sequences was 0.3831 m/s for 
the central parenchyma region, 0.3255 m/s 
for the intermediate parenchyma region 
and 0.1676 m/s for the peripheral paren-
chyma region.

The SWS change was higher for low pres-
sure than for high pressure (Table 2). Be-
tween 0 and 30 mmHg there was an increase 
in median SWS of 0.47 m/s, between 30 and 
60 mmHg of 0.13 m/s and between 60 and 
90 mmHg of 0.17 m/s, suggesting a logarith-
mic correlation rather than a linear one.

By stabilizing the variance, a logarithmic 
correlation could be confirmed. The esti-

Figure 4. Edited B-mode US demonstrating the three measuring regions, defined by their distances 
to the peri-renal capsule and the renal pelvis.

Figure 5. Regression lines for the direction of the measuring sequences.

Table 1. Median and IQR values of all SWS 
measurements*

Intrarenal pelvic 
pressure (mmHg)

SWS (m/s) 
Median (IQR)

0 1.47 (0.38)

10 1.68 (0.37)

20 1.83 (0.39)

30 1.94 (0.42)

40 1.98 (0.43)

50 2.04 (0.46)

60 2.07 (0.43)

70 2.09 (0.51)

80 2.15 (0.51)

90 2.24 (0.49)

Data are presented for all 20 kidneys in both measur-
ing sequences and for all measuring regions (n=120).
IQR, interquartile range; SWS, shear-wave speed. 
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mated total variance of the linear mixed 
model for the logarithmic median SWS was 
0.03. The estimated shared explained vari-
ation for the variable kidney (1 of 20) was 
41.4%. For the variable region within a kid-
ney it was 8.7%.

Pelvic pressure was confirmed to have a 
significant effect in the mixed model (P < 
0.001). The effect remained significant af-
ter adjusting possible confounding factors 

(direction, region, interactions). The esti-
mated intercept for the log-transformed 
median SWS was 0.4539 (P < 0.001) units. 
The slope parameter for the effect pressure 
was 0.004985 (P < 0.001). In other words, if 
the pressure was increased by 10 mmHg, 
the logarithmic median SWS increased by 
0.05 units.

There was a significant effect for the 
direction of the measuring sequence 
(P < 0.001) as well. The intercept of the 
log-transformed median SWS for the de-
creasing series was significantly higher 
than in the increasing measuring sequence 
(+0.09573 units, P < 0.001). In other words, 
the effect of increasing pelvic pressure on 
median SWS values was not fully reversible. 
For pressures above 30 to 40 mmHg, the 
log-transformed median SWS values for 
the increasing sequence were higher than 
the ones for the decreasing sequence. The 
estimated slope parameter was by 0.00205 
units lower in the decreasing measuring 
sequence than in the increasing sequence 
(P < 0.001). If the pressure in the increas-
ing sequence is increased by 10 mmHg, 
the log-transformed SWS would increase 
0.05 units, while it would only decrease 
0.03 units if the pressure is decreased by 10 
mmHg in the decreasing sequence.

Furthermore, a significant effect of the 
measuring region on SWS could be shown 
(P = 0.027). The intercept of the log-trans-
formed median SWS values was not sig-

nificantly different for the three regions: 
central parenchyma region compared with 
intermediate parenchyma region (0.02639 
units lower, P = 0.35), peripheral parenchy-
ma region compared with intermediate 
parenchyma region (0.05112 units lower, P 
= 0.075). The slope parameter for the cen-
tral parenchyma region was 0.001750 units 
higher than the one for the intermediate pa-
renchyma region (P < 0.001). Furthermore, 
the slope parameter for the peripheral pa-
renchyma region was 0.00104 units lower in 
comparison to the intermediate parenchy-
ma region (P = 0.015). If the pressure was in-
creased by 10 mmHg the log-transformed 
SWS increased by 0.07 units in the central 
parenchyma, by 0.05 units in the intermedi-
ate parenchyma and by 0.04 in the periph-
eral parenchyma region.

The estimated range for the distance be-
tween the US probe and the ROI of the ARFI 
measurement was 1.0–4.5 cm for a pelvic 
pressure of 0 mmHg and 0.9–4.5 cm for a 
pelvic pressure of 90 mmHg. Differences 
between the different kidneys including 
inaccuracies of the depth of ARFI mea-
surements did not have a major influence 
on the parameters of the mixed model as 
shown by the influence statistics calculated 
for the mixed model.

Discussion
A relevant and significant increase of SWS 

values for Virtual TouchTM IQ technique with 
increasing pelvic pressures could be shown 
in the ex vivo porcine kidney model. The 
primary assumption of this study could be 
confirmed. A repeated measurement with 
10 ROIs and calculation of the median val-
ue was proven to be practical and effective 
in this ex vivo situation. An effect of pres-
sure on renal kidney tissue elasticity could 
already be shown for external pressure 
caused by the US transducer itself by Syv-
ersveen et al. (15). They applied compres-
sive weights from 22 to 2990 g on patients 
with transplanted kidneys and measured a 
significant increase of median SWS of about 
2.3 m/s. Gennisson et al. (16) investigated 
tissue elasticity in an in vivo pig kidney mod-
el using the supersonic shear-wave tech-
nology which is based on similar physical 
principles as ARFI elastography. They could 
show higher supersonic shear-wave values 
in kPa for increased pelvic pressures up to 
40 mmHg in five porcine kidneys. Howev-
er, in contrast to our results they assumed 
a linear correlation instead of a logarithmic 

Figure 6. Regression lines for the measuring regions.

Table 2. Median SWS differences

Intrarenal pelvic 
pressure differences 

(mmHg)
SWS differences 

(m/s)

10–00 0.22

20–10 0.15

30–20 0.10

40–30 0.04

50–40 0.07

60–50 0.02

70–60 0.03

80–70 0.05

90–80 0.09

Data are presented for pressure steps of 10 mmHg 
for all 20 kidneys in both measuring sequences and 
all measuring regions (n=120).
SWS, shear-wave speed.
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correlation between pelvic pressure and tis-
sue stiffness for statistical testing. As far as 
we know, there is no prior study using SWE 
(Virtual TouchTM IQ) in a pig kidney model of 
increased pelvic pressure.

The effect of changing pressure on SWS 
provoked by different hydrostatic pressure 
levels in the renal pelvis in our model could 
not only be shown for increasing but also 
for decreasing pelvic pressures. However, 
the effect of increasing pressure on kid-
ney tissue stiffness was not fully reversible. 
Thus, changes in kidney tissue integrity by 
the high hydrostatic pressure to the renal 
pelvis and tissue have to be discussed for 
this ex vivo model.

Jian Wang et al. (17) could show that a 
step by step increase in pelvic pressure up 
to 50 mmHg in porcine kidneys (steps of 
10 mmHg, each pressure step maintained 
for 10 minutes) caused renal tubule and 
renal capsule dilatation and renal glomer-
ulus compression even in healthy control 
kidneys (17). It can be assumed that kidney 
tissue damage will even be worse if the el-
evated pelvic pressure persists for hours 
or days, leading to chronic kidney damage 
and CKD in the worst case scenario. Against 
the background of the pathophysiology of 
urinary tract obstruction it becomes clear 
that measurements in this model of urinary 
tract obstruction were taken at relevant 
pressure levels including pelvic pressures 
from 0 to 90 mmHg. In contrast to this, Gen-
nisson et al. (16) only measured tissue elas-
ticity at pelvic pressures up to 40 mmHg in 
the in vivo porcine model.

This ex vivo model is most likely suitable 
to depict the clinical situation of an acute 
urinary tract obstruction. The most com-
mon pathology causing acute urinary tract 
obstruction in adults is nephrolithiasis and 
the lifetime risk of passing a kidney stone is 
about 8%–10% (18, 19).

A general recommendation for the mea-
suring region cannot be derived from our 
study results. For low pressures, no signifi-
cant differences in SWSs were detected for 
different measuring regions in our study. 
However, Gennisson et al. (16) found higher 
elasticity modulus in the inner parenchyma 
compared with the outer parenchyma and 
the medulla. They suggested that medullar 
anisotropy in combination with the angle 
between shear waves and anatomic struc-
tures might be the reason for this finding.

In our study for higher pressures, mea-
suring in the central parenchymal region 

showed the strongest correlation between 
intrarenal pelvic pressure and SWS. It can 
be assumed that the increased intrarenal 
pelvic pressure caused a pressure gradient 
across the kidney tissue with decreasing 
pressure, and respectively, tissue stiffness in 
the peripheral region. For diseases causing 
elevated intrarenal pelvic pressures of up to 
70 mmHg, e.g., acute urinary obstruction 
(5), measuring in the central parenchyma 
region seems to be preferable.

For the assessment of ARFI-SWS values in 
human urinary tract obstruction, the avail-
ability of normal SWS values is essential. 
Graeter et al. (20) investigated ARFI values 
for healthy human kidneys with ARFI Virtual 
Touch Tissue Quantification (VTQ, Siemens). 
Mean SWS values for a cohort of 99 healthy 
adult volunteers were 2.7±0.8 m/s at the 
midpole of the right kidney and 2.9±0.9 m/s 
at the midpole of the left kidney (20). Com-
pared with the SWS values described in the 
chapter results (Table 1) for pelvic pressures 
between 0 and 10 mmHg, these values are 
clearly higher than our ex vivo values. Chau 
Ngan et al. (8) investigated renal tissue stiff-
ness with ARFI-SWE (VTQ, Siemens). Mean 
SWS values were 2.73±0.4 m/s for patients 
with kidney stones, 1.66±0.16 m/s for pa-
tients with uretropelvic junction obstruc-
tion and 1.60±0.2 m/s for the healthy con-
trol group.

Our ex vivo model represents also the 
pediatric pressure situation with pelvic 
pressures of <15 cm H2O (equivalent to <11 
mmHg) in healthy and >22 cm H2O (>15 
mmHg) in children with acute urinary tract 
obstruction (21). We could demonstrate an 
increase in SWS of 0.22 m/s by an increase 
of renal pelvic pressure from 0 to 10 mmHg 
and 0.15 m/s from 10 to 20 mmHg.

Children with hydronephrosis including 
cases with uretropelvic junction obstruction 
were examined with VTQ/Siemens by Sohn 
et al. (22). Median SWS values in kidneys with 
high-grade hydronephrosis were higher 
than those in normal kidneys. In their cohort, 
patients with uretropelvic junction obstruc-
tion had similar SWS compared with children 
with hydronephrotic kidneys of other caus-
es. A recent study by Habibi et al. (10) came 
to contradictory results: higher SWS values 
were found in control kidneys compared 
with kidneys affected by uretropelvic junc-
tion obstruction. Dillmann et al. (23) tried 
to discriminate obstructive hydronephro-
sis from nonobstructive hydronephrosis. A 
significant difference in SWS could not be 
demonstrated between these two groups.

In patients with vesicoureteral reflux, re-
sults of VTQ elastography are inconclusive. 
On one hand, it was reported by Bruno et 
al. (9) that kidneys affected by vesicoureter-
al reflux are stiffer than normal kidneys. On 
the other hand, decreasing SWS values were 
found by Göya et al. (24) for kidneys with 
increasing degree of vesicoureteral reflux 
(24). Different effects of acute and chronic 
processes influencing SWS should be con-
sidered. Especially the grade of renal fibro-
sis might be associated with higher SWS 
values (25, 26). These clinical results may 
indicate that hydronephrosis in children 
cannot be compared to hydronephrosis 
in acute urinary tract obstruction in adults 
caused by kidney stones with different ef-
fects on organ stiffness. Further research is 
required to improve the understanding of 
the role of SWE in the evaluation of patients 
with congenital hydronephrosis (27).

Furthermore, the evaluation of renal SWS 
values in children with VTQ or VTIQ tech-
niques is difficult as only very few ARFI SWS 
standard values have been published so far. 
Lee et al. (28) determined mean SWS values 
of 2.19 m/s for the right kidney and 2.33 
m/s for the left kidney in a cohort of 202 
normal pediatric patients. This level of SWE 
is similar to the SWS values measured in our 
porcine renal specimen with high pelvic 
pressure in our study with VTIQ technique. 
In a recent paper of Grass et al. (29), SWS in 
healthy children measured with VTIQ was 
1.96±0.27 m/s, equivalent to values mea-
sured at 30 mmHg in our model.

The position of the sample volume for SWS 
measurement is of major interest in SWE. 
When VTQ technique in clinical situation 
often is not able to discriminate between 
different positions to the renal pelvis, VTIQ 
technique has much smaller ROI with a pos-
sibility to select a different position. Bruno 
et al. (30) describe medullar anisotropy and 
resulting higher variability in SWS values as a 
basis to recommend ARFI measurements in 
the outer renal parenchyma excluding med-
ullary pyramids. It has to be stated that mea-
surements in the inner parenchyma region 
in this study could not exclude medullar 
pyramids. A higher variability of SWS values 
in the central parenchyma region compared 
with the peripheral parenchyma region was 
reflected by a higher standard deviation of 
SWS medians in this study as well (±0.3831 
m/s for the central parenchyma region com-
pared with ±0.1676 m/s for the peripheral 
parenchyma region).
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The results of our study may indeed be of 
concrete clinical use for patients with acute 
obstruction to demonstrate a high pressure 
level. SWS measurements might help in 
the monitoring of the pelvic pressure situ-
ation after interventions such as placing a 
double J stent. SWS values before and after 
the intervention might provide knowledge 
about the success of pressure relief. This 
clinical application seems to be particularly 
promising as the SWS rise in the ex vivo pig 
kidney model was mostly reversible in the 
decreasing measuring sequence.

In the clinical context we see a potential 
of SWE to discriminate between acute and 
chronic hydronephrosis. It has to be men-
tioned that it might be difficult to achieve 
constant measurements in real clinical pa-
tients. Variability might be caused by non-
compliance of the patient as well as by a 
deeper anatomical position of the kidney 
compared with the ex vivo model.

Limitations of this ex vivo renal speci-
men model have to be considered. First, 
anatomic differences between human and 
porcine kidneys exist; two types of papil-
lae (single and compound) can be found 
in different frequency in human and por-
cine kidneys. Fused compound papillae are 
more frequent in pig kidneys with different 
morphology of orifices (31, 32). Second, 
pressure generated by the investigator is a 
confounding factor mainly in in vivo situa-
tions (33). It could be completely excluded 
in this model. But this is not a situation we 
expect in the clinical routine. Third, SWE in 
our study was done by one examiner famil-
iar with the porcine model. But interopera-
tor reproducibility was described as anoth-
er possible confounding factor in ARFI SWE 
(34) in a clinical study. Finally, the period of 
time between explantation and the begin-
ning of measurements as well as tempera-
ture fluctuations may have resulted in mi-
nor kidney tissue alterations and changes 
in tissue stiffness. This is an unpreventable 
difference of the ex vivo compared with an 
in vivo model. The influence of perfusion 
of a kidney is another major effect on SWE 
which is excluded in our model, but we 
could demonstrate the principal change of 
SWS (VTIQ technique) in kidney parenchy-
ma, which is of importance for further re-
search of in vivo situations. There were slight 
changes in the depth of the ARFI measure-
ments. A plastic deformation of the kidneys 
due to changing intrapelvic pressure and 
concomitant fluctuations of the depth of 

measurements could not be prevented by 
fixation of the kidneys. The measuring con-
ditions were not completely constant for all 
kidneys. This represents a possible limita-
tion of the model. However, in vivo studies 
with humans have shown that the depth of 
measurement has no significant impact on 
the ARFI SWS (29, 35).

In conclusion, acutely increased pelvic 
pressure correlates with increasing SWS 
values in SWE in an ex vivo porcine kidney 
model. The increase of tissue stiffness is al-
most completely reversible with descend-
ing pelvic pressures. While our findings 
are promising with respect to the clinical 
evaluation in patients with acute urinary 
tract obstruction, use of SWE in patients 
with chronic obstruction warrants further 
research. 
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