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Objectives: The aim of this study was to noninvasively evaluate changes in renal
stiffness, diffusion, and oxygenation in patients with chronic, advanced stage
immunoglobulin A nephropathy (IgAN) by multiparametric magnetic resonance
imaging using tomoelastography, diffusion-weighted imaging (DWI), and blood
oxygen level–dependent (BOLD) imaging.
Materials and Methods: In this prospective study, 32 subjects (16 patients with
biopsy-proven IgAN and 16 age- and sex-matched healthy controls) underwent
multifrequency magnetic resonance elastography with tomoelastography
postprocessing at 4 frequencies from 40 to 70 Hz to generate shear wave speed (meter
per second) maps reflecting tissue stiffness. In addition, DWI and BOLD imaging
were performed to determine the apparent diffusion coefficient in square millimeter
per second and T2* relaxation time in milliseconds, respectively. Regions including
the entire renal parenchyma of both kidneys were analyzed. Areas under the receiver
operating characteristic (AUCs) curve were calculated to test diagnostic performance.
Clinical parameters such as estimated glomerular filtration rate and protein-tocreatinine ratio were determined and correlated with imaging findings.
Results: Success rates of tomoelastography, DWI, and BOLD imaging regarding
both kidneys were 100%, 91%, and 87%, respectively. Shear wave speed was decreased in IgAN (−21%, P < 0.0001), accompanied by lower apparent diffusion
coefficient values (−12%, P = 0.004). BOLD imaging was not sensitive to IgAN
(P = 0.12). Tomoelastography detected IgAN with higher diagnostic accuracy
than DWI (area under the curve = 0.9 vs 0.8) and positively correlated with estimated glomerular filtration rate (r = 0.66, P = 0.006).
Conclusions: Chronic, advanced stage IgAN is associated with renal softening
and restricted water diffusion. Tomoelastography is superior to DWI and BOLD
imaging in detecting IgAN.
Key Words: magnetic resonance imaging, magnetic resonance elastography,
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I

mmunoglobulin A nephropathy (IgAN) is an autoimmune disorder
with a worldwide prevalence of 2.5/100,000/year.1,2 Aberrant synthesis of IgA1 molecules with less galactosylated O-glycans in the hinge
region and secondary synthesis of immunoglobulin G and A autoantibodies against those with formation of immune complexes was identified as the underlying pathomechanism. It is already known that these
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complexes accumulate in the renal glomeruli of affected patients, initiating chronic inflammation, which is often accompanied by complement C3 formation and subsequent cell proliferation and extracellular
matrix accumulation in the renal cortex and medulla. In essence, IgAN
results in glomerulosclerosis, tubular atrophy, and fibrosis with renal
capillary damage, ultimately leading to a complete loss of renal function
and the need for hemodialysis.3,4 However, the complex pathomechanism
of IgAN is still not fully understood.5
For the diagnosis and monitoring of IgAN, serological and urinary
parameters, such as estimated glomerular filtration rate (eGFR), proteinuria, and protein-to-creatinine ratio, are used.6,7 Unfortunately, these parameters are unspecific for IgAN.4,8 Histopathological classification based on
the demonstration of mesangial immunoglobulin A deposits is considered
the criterion standard for the diagnosis of IgAN.9–11 However, biopsy is
limited to sampling error and to its invasive nature, which may entail complications such as postprocedural pain (2%–4%), hematuria (3%–18%),
and bleeding (1%–7%).12–14 Therefore, noninvasive methods are needed
to detect structural changes in renal disease and follow-up examinations.
Magnetic resonance elastography (MRE) has gained increasing
attention for its noninvasiveness and sensitivity to structural changes
in pathologically changed soft tissues15,16 and has been used for evaluation of healthy native kidneys,16–18 renal tumors,19 and renal transplants with chronic insufficiency.20 Tomoelastography21 is a recently
introduced MRE technique using wave fields at multiple frequencies17
combined with noise-robust shear wave speed (SWS) recovery based
on single-order derivatives and multifrequency SWS compounding.21–23
As a result, tomoelastography provides highly detailed full-field-of-view
SWS maps of renal tissue including anatomical subregions such as cortex
and medulla.17,18
Besides MRE, there are other promising quantitative magnetic
resonance imaging (MRI) techniques that have been used for the detection of renal diseases,24–26 including diffusion-weighted imaging
(DWI) and blood oxygen level–dependent (BOLD) imaging.27–29
Diffusion-weighted imaging quantifies the diffusivity of water molecules
based on the apparent diffusion coefficient (ADC).30,31 Blood oxygen
level–dependent imaging detects changes in inhomogeneous transverse relaxation time T2* due to paramagnetic effects of deoxyhemoglobin, which
provide information on the oxygen context of the tissue.24,25,32
The aim of this study was to noninvasively examine renal structural
and functional changes in patients with IgAN using tomoelastography in
combination with DWI and BOLD imaging techniques, which are known
to be sensitive to microstructural and oxygenation changes in soft biological tissues, and to assess their diagnostic performance in the detection
of IgAN.

MATERIALS AND METHODS
Study Population
Our prospective study was approved by the local ethics committee, and written informed consent was obtained from all subjects. From
August 2016 to March 2017, a total of 32 subjects—16 consecutive patients with biopsy-proven IgAN (mean age, 46.1 ± 11.3 years; age
range, 24–65 years; 3 females) and 16 age- and sex-matched healthy
volunteers (CTR; mean age, 40.5 ± 10.3 years; age range, 28–54 years;
www.investigativeradiology.com
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FIGURE 1. Magnitude images of the MRE scan, tomoelastography shear wave speed maps, wave images at 60 Hz, DWI, and BOLD imaging of a
healthy control (CTR) and a patient with immunoglobulin A nephropathy (IgAN) and stage 2 chronic kidney disease (eGFR, 89–60 mL/min/1.73 m2).
A marked decrease in SWS and ADC is visible in IgAN, whereas T2* values appear to be only marginally lower in IgAN. Representative regions of
interest (ROIs) are demarcated for the entire renal parenchyma comprising cortical and medullar regions (red lines).

5 females)—were examined and enrolled in our study. The inclusion
criterion for patients was a history of histopathologically proven IgAN
based on renal immunofluorescence analysis without a prior history
of urinary disorders, infection, history of malignancy, polycystic kidney
disease, hydronephrosis, infarction, and general contraindications to
MRI. Inclusion criteria for CTR were no existing history of renal or cardiovascular diseases. All subjects were examined after fasting for 2 hours.

Magnetic Resonance Imaging
Tomoelastography was performed on a 1.5 T MRI scanner
(Magnetom Sonata; Siemens) using a 12-channel phased-array surface
coil as described in the study of Marticorena Garcia et al.18 All subjects
were examined in supine position using 2 posterior actuators placed underneath each kidney and powered by medical compressed air (0.6 bar).
External mechanical vibrations with frequencies of 40, 50, 60, and
70 Hz were used.
The 3-dimensional wave field was acquired using a multislice,
single-shot, spin echo planar imaging (EPI) sequence with flowcompensated motion-encoding gradients (MEGs) and fractional
encoding optimized according to Dittmann et al.17 Eight wave phase
offsets were recorded for each of the 3 motion directions. The imaging
volume consisted of 11 contiguous paracoronal slices through both kidneys with a field of view of 260  260 mm2 (matrix size, 104  104)
and 2.5  2.5  2.5 mm3 voxel size. To increase the signal-to-noise
ratio, the signal was averaged over 2 repetitions. Further imaging parameters were as follows: repetition time, 1200 milliseconds; echo time,
55 milliseconds; parallel imaging with a GRAPPA factor of 2; MEG
frequency, 48.45 Hz for mechanical frequencies of 40 Hz, 50 Hz, and
60 Hz, and 52.41 Hz for mechanical frequency of 70 Hz; and MEG amplitude of 25 mT/m. The full set of tomoelastography data was acquired
within 4 minutes with subjects breathing freely.
For postprocessing, a k-MDEV reconstruction method to produce SWS maps (in meter per second) was used, as detailed in Dittmann
et al.17 k-MDEV-processing retrieved SWS. Therefore, the complex MRI
signal was smoothed by a Gaussian kernel with 2.75 mm of standard deviation before unwrapping. Then a 2-dimensional directional filtering
was applied to the unwrapped wave images before inversion. This preprocessing procedure is described in greater detail in Tzschätzsch et al.21
Furthermore, the loss angle of the complex shear modulus (φ in rad),
which is related to solid-fluid soft tissue behavior, was analyzed.33 φ
was obtained from the MDEV processing pipeline. Therefore, a 2dimensional Butterworth low-pass filter with a threshold of 50 m−1 was
applied before inversion, as described in the study of Guo et al.34 The entire postprocessing pipeline is publicly available at www.bioqic-apps.
charite.de. The wave speed maps mainly represent tissue stiffness, which
in turn is the magnitude of the complex-valued SWS that is related to
both elasticity and viscosity. Henceforth, we use “stiffness” to refer to
SWS, and the corresponding SWS maps will be denoted as
“elastograms,” which is the usual term used in the literature.15
Diffusion-weighted imaging and BOLD imaging were performed
with a spin-EPI sequence and multiple gradient-recalled echo sequence.
2
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For DWI, 11 slices with 2.7  2.7  5 mm3 resolution were recorded
with 2 averages and b-values of 0 and 500 s/mm2 in 17 seconds.
Blood oxygen level–dependent imaging was performed for 3 slices
with 2.8  2.8  5 mm3 resolution using 8 echo times (2.38–
37.72 milliseconds) in 20 seconds.
Regions of interest (ROIs) were manually drawn by 2 observers
(observer 1 and 2) for full renal parenchyma, excluding the renal hilus.
Regions of interest for tomoelastography, DWI, and BOLD were drawn
independently based on paracoronar magnitude images (tomoelastography,
combined with corresponding elastograms). Exemplary ROIs are
provided in magnitude images in Figure 1.

Clinical Parameters
Renal function was determined as eGFR, which was calculated
from blood creatinine levels using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation.35 Urine protein-to-urine
creatinine ratio was derived from urine samples as a measure of glomerular damage. All clinical parameters were collected according to
standard clinical routine procedures within a maximum interval of
21 days before or after MRI and were analyzed retrospectively.

Statistical Data Analysis
Initially, a 2-sided power analysis was performed to determine
the minimum required sample size (alpha value of 0.05, beta value of
0.02, power of 0.8). For each subject, a mean value of the right and left
kidney was calculated. Group mean values were reported as means and
standard errors of the ROI-averaged values. Intergroup comparison of
tomoelastography, DWI, and BOLD results was performed using the

TABLE 1. Characteristics of Controls and Patients

Characteristics
Sex (female)
Age, y
Body mass index, kg/m2
Heart rate, bpm
Systolic blood pressure, mm Hg
Diastolic blood pressure, mm Hg
eGFR, mL/min/1.73 m2
Urine protein to creatinine ratio, mg/g
Time interval: biopsy-tomoelastography, y
Patient distribution by CKD stage, %

Control

IgAN

n = 16

n = 16

5
41 ± 10
22 ± 3
67 ± 9
126 ± 13
82 ± 6

3
46 ± 11
24 ± 4
68 ± 12
137 ± 13
87 ± 8
39 ± 36
1179 ± 1104
10.4 ± 6.2
CKD 1 = 6; CKD 2 = 31;
CKD 3 = 13; CKD 4 = 6;
CKD 5 = 44.

IgAN indicates immunoglobulin A nephropathy; eGFR, estimated glomerular
filtration rate; CKD, chronic kidney disease.
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FIGURE 2. Group values of healthy controls (CTR, black dots) and patients with immunoglobulin A nephropathy (IgAN, red squares). Shear wave
speed (A) and ADC values (C) are significantly lower in IgAN. No significant differences in φ (B) and T2* values (D).

unpaired Student’s t test. The diagnostic accuracy of distinguishing
IgAN from CTR was assessed using the area under the receiver operating characteristic (AUC) curve analysis. Optimal cutoffs were identified
by maximizing the sum of sensitivities and specificities. Interobserver
variability was assessed by intraclass correlation coefficient. Correlations between MRI (tomoelastography, DWI, BOLD imaging) and
clinical parameters (eGFR, protein-to-creatinine ratio) were analyzed
by Pearson's linear correlation coefficient. Statistical analysis was performed using GraphPad Prism v.6 (GraphPad software). P values below 0.05 were considered statistically significant.

RESULTS
Tomoelastography, DWI, and BOLD imaging were performed
successfully in both kidneys in 100%, 91%, and 87% of all patients, respectively. Detailed characteristics of healthy controls and patients with
IgAN are summarized in Table 1.

Magnetic Resonance Imaging
Representative images of tomoelastography, DWI, and BOLD
are shown in Figure 1. Group mean SWS values were significantly lower
in IgAN (1.86 ± 0.32 m/s) compared with CTR (2.34 ± 0.15 m/s;
P < 0.0001), see Figure 2A. Apparent diffusion coefficient values were
also lower in IgAN (1.60 ± 0.21  10−3 mm2/s) compared with CTR
(1.81 ± 0.15  10−3 mm2/s; P = 0.004), see Figure 2B. No significant differences were observed between patients with IgAN and CTR for φ
(0.79 ± 0.06 rad vs 0.83 ± 0.09 rad; P = 0.15) and T2* values
(66.91 ± 11.58 milliseconds vs 72.73 ± 4.89 milliseconds; P = 0.12),
TABLE 2. Metrics of Magnetic Resonance Imaging

Shear wave speed, m/s
Complex shear modulus, φ in rad
Apparent diffusion coefficient,
10−3 mm2/s
T2* relaxation time, ms
FIGURE 3. Interobserver agreement. Bland-Altman graphs plotting
interobserver differences against their average.

© 2019 Wolters Kluwer Health, Inc. All rights reserved.

Control

IgAN

2.34 ± 0.15
0.79 ± 0.06
1.81 ± 0.15

1.86 ± 0.32
0.83 ± 0.09
1.60 ± 0.21

72.73 ± 4.89 66.91 ± 11.58

P
<0.0001
0.15
0.004
0.12

IgAN indicates immunoglobulin A nephropathy.
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FIGURE 4. MRE (red line) has a higher area under the receiver operating
characteristic (AUC) curve than DWI (green line).

see Figure 2, B and C. An excellent intraclass correlation coefficient of
0.95 was observed for SWS (see Fig. 3). Further details are provided
in Table 2.

FIGURE 5. Positive correlation of shear wave speed and estimated
glomerular filtration rate (eGFR).

highly perfused organs,44 a possible fibrosis-induced increase in tissue stiffness might be masked by decreased renal perfusion pressure
secondary to tubular and glomerular sclerosis and capillary
rarefication.45–48 A positive correlation between eGFR and SWS and
a previously reported decrease in renal perfusion in CKD detected by
arterial spin labeling MRI49–52 support our hypothesis. This model of
renal softening is sketched in Figure 6, illustrating that dysfunctional
kidneys are characterized by decreases in vessel number, diameter, and
area46–48,53 and overall reduced renal perfusion.49–52 Based on the results
of in vivo elastography in different organs at different perfusion states
(eg, see Chapter 20 in Sack and Schäffter58), we hypothesize that
transmural pressure communicates hemodynamic and fluid-mechanical
properties such as perfusion pressure59 into effective-medium stiffness
measured by renal tomoelastography. Similar to parameter changes
quantified in specimens,18 an increase of perfusion pressure correlates
with an overall stiffening of renal parenchyma presumably due to
prestressed microvessels in the kidney. In this model, transmural pressure can be reduced by both a decrease in perfusion and an increase
in vessel wall stiffness due to vascular calcification.54–57 Because of
the high vascularization of renal tissue,44 perfusion pressure has a
greater role than fibrosis in determining renal stiffness, leading to an
effective drop of stiffness in patients with dysfunctional kidneys. This
is confirmed by recent MRI reports of renal softening in native kidneys
of patients suffering from lupus nephritis60 or autosomal dominant
polycystic kidney disease61 and also in chronic kidney graft dysfunction.20,62 However, to our best knowledge, there are only 3 studies published reporting pathological native kidneys,19,60,61 one of those60 with
the same tomoelastography setup as presented in this study. Magnetic
resonance elastography of native kidney is a relatively new approach;

Diagnostic Performance of MRI Modalities and
Comparison With Clinical Parameters
The AUC value for distinguishing IgAN from CTR was higher
for tomoelastography (0.9) than DWI (0.8), as demonstrated in Figure 4.
For tomoelastography, a cutoff of 2.05 m/s was calculated with 81%
sensitivity and 100% specificity compared with 1.68  10−3 mm2/s
for DWI (71%/80%). Further details are given in Table 3. We also analyzed the correlation of all 3 MRI parameters with clinical findings. A
significant correlation was only observed between eGFR and SWS
(r = 0.66, P = 0.006), as shown in Figure 5, whereas ADC (r = 0.26,
P = 0.36) and BOLD (r = 0.40, P = 0.12) did not correlate with eGFR.
The protein-to-creatinine ratio did not correlate with any of the MRI
parameters (P ≥ 0.42).

DISCUSSION
Our study demonstrates that tomoelastography allows sensitive,
noninvasive detection of changes in renal viscoelastic properties with
an excellent interobserver agreement in patients with IgAN.
Immunoglobulin A nephropathy is characterized by restricted
water diffusivity (ADC, −12%), which could be related to interstitial fibrosis associated with disease progression in IgAN.30,36,37 Our results
are consistent with the findings of other studies analyzing ADC values
in CKD patients of other entities than IgAN.38–42 In general, tissue stiffness increases with collagen accumulation. However, we observed a
marked softening of renal parenchyma due to IgAN with 21% reduction
of SWS. This observation is consistent with recent reports of the sensitivity of tissue stiffness and renal SWS to renal perfusion suggesting renal softening when kidney perfusion is decreased.18,43 As kidneys are
TABLE 3. Metrics of Diagnostic Performance

Shear wave speed, m/s
Complex shear modulus, φ in rad
Apparent diffusion coefficient, 10−3 mm2/s
T2* relaxation time, ms

AUC (95% CI)

P

Cutoff Value

Sensitivity (95% CI)

Specificity (95% CI)

0.9 (0.8–1.0)
0.6 (0.4–0.8)
0.8 (0.6–0.1)
0.7

0.0002
0.2
0.006
0.14

2.05

81 (54–96)

100 (79–100)

1.68

71 (42–92)

80 (52–96)

AUC indicates area under receiver operating characteristic curve; CI, confidence interval.
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FIGURE 6. Model of renal softening due to reduced perfusion as the predominant factor in dysfunctional kidneys. This model assumes that
transmural pressure (P) is reduced by both smaller perfusion49–52 due to vessel rarefication46–48,53 and greater stiffness of vessel walls.54–57 Effective
tissue stiffness is sensitive to perfusion pressure.58 Renal stiffness in dysfunctional kidneys reflects the sum of 2 opposite contributing factors—reduced
perfusion pressure (softening, red arrow) and increased interstitial fibrosis (hardening, yellow arrow). Reduced perfusion pressure has a greater effect,
resulting in overall renal softening (blue arrow).

therefore the major benefit of this study is to provide quantitative imaging endpoints for further renal examinations.
In our study, BOLD imaging was not sensitive to IgAN, which is
possibly attributable to opposed effects in different subregions such as
the medulla and cortex60 consistent to another study analyzing the
entire renal parenchyma.32 To the best of our knowledge, no BOLD
analysis has been published in the literature for IgAN detection.
Published BOLD studies including patients with chronic kidney disease of different etiologies yield inconsistent data. In agreement with
our results, 2 earlier studies did not find a sensitivity of BOLD imaging
in chronic kidney disease,63,64 whereas other authors found significant
changes in BOLD imaging in chronic kidney disease.65–67 This discrepancy could be due to different study protocols, ROI selection, and other
factors such as hydration status, pH, and hematocrit, which can also
influence magnetic field homogeneity.68,69
In our comparison of different MRI modalities, tomoelastography
provides a higher diagnostic accuracy than DWI and BOLD in detecting
IgAN, suggesting that viscoelastic tissue properties are highly sensitive
to chronic kidney disease.
Although promising, our study has limitations. First, the number
of patients was small, particularly the subgroup with preserved renal
function. Second, subregional analysis was not possible due to the loss
of reliable corticomedullary differentiation in atrophic kidneys. Third,
renal biopsy data were collected during clinical routine and were analyzed retrospectively. Furthermore, a clinical protocol of DWI was used
without utilization of more specific diffusion imaging approaches such
as diffusion kurtosis and intravoxel incoherent motion imaging.
In summary, tomoelastography, a multifrequency MRE method,
detects renal viscoelastic changes in IgAN with very good diagnostic
accuracy. The diagnostic performance of DWI and BOLD imaging,
which are known to be sensitive to tissue microstructures and relative
hemoglobin oxygenation, is lower. In the future, tomoelastography could
be used as a noninvasive and quantitative predictor of structural changes
in patients with IgAN. Its noninvasiveness allows implementation in
© 2019 Wolters Kluwer Health, Inc. All rights reserved.

clinical workflow to help clinicians in stratifying patients for renal
biopsy and to monitor disease progression.
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