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Longitudinal changes in renal volumes evaluated by automated
three-dimensional volumetric computed tomography of the
whole kidney: The association with the renal function and
disease progression.
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Longitudinal changes in renal volumes evaluated by automated three-dimensional volumetric
computed tomography of the whole kidney: The association with the renal function and
disease progression.
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Spearman correlation
Parameter Value . p value
coefficient (r)

Blood urea nitrogen (mg/dL) 153+7.1 -0.188 <0.001
Creatinine (mg/dL) 0.80+ 0.52 -0.111 <0.001
eGFR (ml/min/1.73 nt) 70.9+17.0 0.490 <0.001
Glucose (mg/dL) 108.6 + 27.8 0.137 <0.001
Cholesterol (mg/dL) 200.9 +£39.4 -0.128 <0.001

Values are means # standard deviations.
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CKD grade category No. of Patients Initial total renal volume (ml)

Gl 100 318.7+ 60.5
G2 637 275.5+53.5
G3 215 233.7+46.9
G4 6 183.2+22.5
G5 3 157.7+77.4

Data are means =+ standard deviations.
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Non-progression
Progression group

Parameter group p value
(n =142)
(n =495)

Initial total renal volume

252.4+50.6 278.9 +£53.7 <0.001
(ml)
Annual reduction volume in

4.8 +£6.77 1.65+4.92 < 0.001

both kidneys (ml)
Initial right renal volume

123.7 £25.8 136.2 £26.6 < 0.001
(ml)
Annual reduction volume in

2.21+3.39 0.66 +£2.49 < 0.001
the right kidney (ml)
Initial left renal volume

128.7 £27.5 142.7 £29.1 < 0.001
(ml)
Annual reduction volume in

2.59 +£3.67 0.99 +£ 2.86 < 0.001

the left kidney (ml)

Data are means =+ standard deviations.
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Purpose: To clarify the changes in the total renal volume over time with changes of the renal function using
automated 3D volumetric CT of the whole kidney and to evaluate the usefulness of the total renal volume CT
measurement in predicting chronic kidney disease (CKD) grade progression.

Methods: A total of 961 patients who underwent abdominal CT at least twice (an interval of more than 4 years)
were included. The automated 3D volumetric CT measurement of the whole kidney was performed at the initial
and latest CT examination. Patients with CKD grade G2 at the time of the initial CT were divided into two groups:
a progression group (CKD grade progressed to G3-G5) and a non-progression group. Changes in the renal volume
over time were compared between the two groups.

Results: The volume of both kidneys measured on initial CT was positively correlated with eGFR (p = 0.490, p <
0.001). There was a significant difference in the initial volume of both kidneys among CKD grades (p < 0.001,
G1:318.7 £+ 60.5 ml, G2:275.5 + 53.5 ml, G3:233.7 £ 46.9 ml, G4:183.2 + 22.5 ml, G5:157.7 + 77.4 ml). When
comparing the progression and non-progression groups, the initial volume of both kidneys was significantly
smaller in the progression group, compared with the non-progression group (252.0 + 50.6 ml vs. 278.9 + 53.7
ml). In addition, the annual reduction volume in both the right and left kidneys was significantly greater in the
progression group than in the non-progression group (p < 0.001).

Conclusion: The automated 3D volumetric CT measurement of the whole kidney has the potential to monitor
changes in renal volume over time with changes of the renal function.

1. Introduction

modality of choice for measuring renal size [3]. Kidney length has
traditionally been measured because of its convenience, although it

Alterations in the renal parenchymal volume are closely related to
the pathogenesis of renal disease and are considered important clinical
indicators [1]. A reduction in renal volume can occur in patients with
chronic kidney disease or renal artery stenosis. In patients with early-
stage diabetes, renal enlargement is a risk factor for nephropathy,
with the volume declining during the course of the disease and even-
tually leading to diabetic renal insufficiency [2]. Therefore, accurate
and reproducible imaging methods for assessing the renal volume are
clinically important for evaluating renal diseases, including an early-
stage diagnosis of the disease, monitoring of disease progression, and
effectiveness of therapies.

Previous studies have shown that ultrasonography (US) is the
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cannot appropriately represent the renal volume. Volume measurement
of the kidney calculated by applying the dimensions of the three
orthogonal axes to the ellipsoid formula is an alternative method [4,5].
However, this method does not consider the variability in the shape of
kidneys, and a previous study reported a substantial systematic under-
estimation (25%) of the renal volume [6]. In contrast, some studies have
demonstrated the utility of computed tomography (CT) volumetry of the
whole kidney, in which the renal contours were manually traced in
contiguous axial CT images with 1- to 2.5-mm slice thickness, and the
volume was calculated by multiplying the sum of areas from each slice
by the reconstruction interval [7,8]. The relationship between the renal
volume and function has been investigated in a limited number of
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patients [7], suggesting that a reduced renal volume is associated with
an impaired renal function. However, this method requires time to trace
the kidney, leading to interoperator variability.

Recently, an automated segmentation method was developed and
validated for CT volumetry of abdominal organs, including volume
measurements of the whole kidney [9,10]. These studies investigated
patients who underwent living donor nephrectomy and demonstrated
that measuring the kidney using CT volumetry is effective in predicting
the postoperative donor renal function. However, the relationship be-
tween longitudinal changes in the renal volume evaluated using auto-
mated three-dimensional (3D) CT volumetry and the renal function has
not been fully investigated.

In the present study, we assessed the changes in the total renal vol-
ume over time with the change of the renal function using automated 3D
volumetric CT measurements of the whole kidney and evaluated the
usefulness of the total renal volume CT measurement for predicting
chronic kidney disease (CKD) grade progression.

2. Materials and methods
2.1. Study population

This retrospective study was approved by our Institutional Review
Board, and the requirement for written informed consent was waived.

Using our radiology database system, patients undergoing abdom-
inal CT between January 1, 2017, and December 31, 2021, were
retrieved. Ultimately, 1611 patients had undergone at least 2 abdominal
CT scans during this period, with an interval of at least 4 years between
the initial and latest CT. We excluded the following patients: post-renal
surgery (n = 106), post-renal transplantation (n = 4), post-radiotherapy
(n = 2), renal tumor (n = 6), ureteral tumor (n = 8), renal cyst that
protruded beyond the outer edge of the kidney (n = 206), polycystic
kidney disease (n = 4), horseshoe kidney (n = 2), hydronephrosis (n =
29), ureterolithiasis (n = 7), renal infarction (n = 1), insufficient scan
coverage of the kidney (n = 1), and severe metallic artifacts (n = 1). We
also excluded patients who did not undergo blood tests, including the
estimated glomerular filtration rate (eGFR) measurement, within 1
month before or after the date of the initial and latest CT scans (n =
273). After these exclusions, the remaining 961 patients were evaluated
(Fig. 1).

The study patients consisted of 487 men and 474 women (mean age,
65.0 & 11.2 [range, 32-84] years old). The interval between the initial
and latest CT for these patients was 4.39 + 0.27 (range 4.00-4.98) years.
For each case, the blood laboratory data closest to the date of the initial
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and latest CT scans were examined, and data on the serum creatinine,
eGFR, and blood urea nitrogen (BUN), glucose, and cholesterol values
were collected because they are considered parameters related to
changes in renal function and renal volume.

2.2. CT technique

Multidetector CT scans were performed at a single center using
scanners from multiple vendors (Somatom Force or Somatom Sensation;
Siemens, Erlangen, Germany; Optima CT660, GE Healthcare, Milwau-
kee, WI, USA; Aquilion Precision; Canon Medical Systems, Otawara,
Japan). The imaging parameters were as follows: tube voltage of
100-110 kVp for the Somatom Force and 120 kVp for the others with
modulated tube current, matrix size of 512 x 512, and reconstruction
interval of 1.0-1.25 mm. Unenhanced CT scans were obtained for all
patients and used for data analyses.

2.3. Imaging analyses

Automated 3D volumetric CT measurements of the kidney were
performed on unenhanced CT using a volume analyzer software pro-
gram (SYNAPSE VINCENT; Fujifilm Corporation, Tokyo, Japan) on the
workstation by one radiologist (M.T., twenty years of experience in body
imaging) without access to any clinical information. Using this auto-
mated segmentation program, the contours of both the right and left
kidneys were automatically outlined in all 1-mm slices of unenhanced
CT images, and the segmented renal area was automatically summed to
calculate the right and left renal volumes (Fig. 2). The segmentation
error of the kidney was manually modified if correction was necessary.
Renal volumes were evaluated for the initial and latest CT scans. The
total renal volumes on the initial CT findings correlated with the blood
laboratory data, and then they were compared among the various CKD
grade categories. Additionally, the annual reduction volume of the
kidney was calculated using the renal volumes of the initial CT and the
latest CT findings.

2.4. Statistical analyses

All statistical analyses were performed using the IBM SPSS software
program (v. 27; Armonk, NY, USA). The relationships between the initial
and latest kidney volumes and the age, height, weight, body mass index
(BMI), serum creatinine, eGFR, BUN, glucose, and cholesterol values
were evaluated using Spearman’s rank correlation coefficient. The
Kruskal-Wallis test was used to compare the initial and latest renal

1611 patients who underwent abdominal CT between January 2017 and December 2021, with an interval of

at least 4 years between the initial and latest CT

——» Exclusion criteria (n=377)

severe metallic artifacts (n=1)

4
Final study population: 961 patients

post-renal surgery (n=106), post-renal transplantation (n=4), post-radiotherapy (n=2)
renal tumor (n=6), ureteral tumor (n=8)

renal cyst that protruded beyond the outer edge of the kidney (n=206)

polycystic kidney disease (n=4), horseshoe kidney (n=2), hydronephrosis (n=29)
ureterolithiasis (n=7), renal infarction (n=1), insufficient scan coverage of the kidney (n=1)

———» Exclusion: patients with no blood tests within 1 month before or after CT scans (n=273)

Fig. 1. Flowchart of patient selection.
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Fig. 2. Automated 3D volumetric CT measurement of the whole kidney (A; axial image, B; coronal image, C; 3D image).

volumes among the CKD grades. For patients with CKD grade G2 at the
time of initial CT, comparisons were made using the Mann-Whitney U
test for initial total renal volumes and the annual reduction volume in
both the right and left kidneys between the progression and non-
progression groups. In addition, receiver operating characteristic
(ROC) curves were created and examined to determine the cutoff value
for predicting the progression group.

3. Results

Automated 3D volumetric CT measurements of the whole kidney
were successfully performed in all 961 patients. On initial CT, the total
renal volumes (267.3 + 58.6 ml) were positively correlated with the
eGFR (70.9 4 17.0 ml/min/1.73 m2, r=0.490, p < 0.001) (Table 1). In
contrast, the total renal volumes at initial CT showed no correlation with
the blood urea nitrogen (15.3 + 7.1 mg/dL, r = -0.188), creatinine (0.80
+ 0.52 mg/dL, r = -0.111), glucose (108.6 + 27.8 mg/dL, r = 0.137) or
cholesterol (200.9 + 39.4 mg/dL, r = -0.128) levels.

Regarding the left-right difference in the renal volume on initial CT,
the left renal volume was predominantly larger than the right renal
volume (136.7 + 31.2 ml vs. 130.6 + 28.8 ml, p < 0.001).

In the comparison of renal volumes among CKD grade categories,
initial total renal volumes were significantly different among CKD grade
categories (G1 318.7 + 60.5 ml, G2 275.5 + 53.5 ml, G3 233.7 + 46.9
ml, G4183.2 +£22.5ml, G5157.7 = 77.4 ml, p < 0.001) (Table 2). In the
CKD grade G2 group (n = 637) at the initial CT, 142 patients progressed
to G3-G5 during follow-up (progression group), and 495 patients did not
progress (non-progression group). Comparing the progression and non-
progression groups for CKD G2, the total renal volumes were signifi-
cantly smaller in the progression group than in the non-progression
group at the initial CT examination (252.4 + 50.6 vs. 278.9 + 53.7
ml, p < 0.001) (Table 3). In addition, the annual reduction volume in
both the right and left kidneys was significantly greater in the progres-
sion group than in the non-progression group (right kidney: 2.21 + 3.39
ml vs. 0.66 + 2.49 ml, p < 0.001, left kidney: 2.59 + 3.67 vs. 0.99 +
2.86 ml, p < 0.001) (Table 3) (Fig. 3).

In both the progression and non-progression groups with CKD G2,

Table 1
Correlation between initial total renal volumes and blood tests.
Parameter Value Spearman correlation p value
coefficient (r)
Blood urea nitrogen 153+ 7.1 —0.188 <0.001
(mg/dL)
Creatinine (mg/dL) 0.80 + —-0.111 <0.001
0.52
eGFR (ml/min/1.73m?) 70.9 + 0.490 <0.001
17.0
Glucose (mg/dL) 108.6 + 0.137 <0.001
27.8
Cholesterol (mg/dL) 200.9 + —0.128 <0.001
39.4

Values are means =+ standard deviations.

Table 2
Comparison of initial total renal volumes among CKD grade categories.

CKD grade category No. of Patients Initial total renal volume (ml)

Gl 100 318.7 + 60.5
G2 637 275.5 + 53.5
G3 215 233.7 £ 46.9
G4 6 183.2 +22.5
G5 3 157.7 £ 77.4

Data are means + standard deviations.

Table 3
Comparison between the progression and non-progression groups for CKD G2.
Parameter Progression Non-progression p value
group group
(n = 142) (n = 495)
Initial total renal volume (ml) 252.4 + 50.6 278.9 £ 53.7 <0.001
Annual reduction volume in 4.8 £6.77 1.65 + 4.92 <0.001
both kidneys (ml)
Initial right renal volume (ml) 123.7 + 25.8 136.2 + 26.6 <0.001
Annual reduction volume in 2.21 +3.39 0.66 + 2.49 <0.001
the right kidney (ml)
Initial left renal volume (ml) 128.7 + 27.5 142.7 + 29.1 <0.001
Annual reduction volume in 2.59 + 3.67 0.99 + 2.86 <0.001

the left kidney (ml)

Data are means + standard deviations.

the annual reduction volume of the left kidney was significantly greater
than that of the right kidney (progression group: 2.59 + 3.67 vs. 2.21 +
3.39 ml, p < 0.001, non-progression group: 0 0.99 + 2.86 vs 0.66 +
2.49 ml, p < 0.001).

Regarding the prediction of the clinical prognosis in the CKD G2
group, a cutoff value of 227.5 ml for the total renal volume on initial CT
had a sensitivity of 35.9% and specificity of 80.0% for predicting the
reduction in the renal function.

4. Discussion

This study showed that total renal volumes measured by automated
3D volumetric CT at the initial CT examination were positively corre-
lated with the eGFR and significantly decreased according to CKD grade.
These findings suggest that the total renal volume measured by auto-
mated 3D volumetric CT may reflect the degree of renal damage and can
be used as an indicator of the renal function.

US has been used to estimate the renal volume [3-6] by measuring
the three orthogonal axes of the kidney and applying these measure-
ments to the ellipsoid formula. However, this formula does not accu-
rately reproduce the variation in the shape of the kidney; as a result, a
substantial systematic underestimation of the renal volume has been
reported when calculating the volume using US with the ellipsoid for-
mula [6]. Recently, several 3D CT methods for measuring the renal
volume have been reported, including the voxel count method, semi-
automated method, and automated methods [7,10-12]. Some groups
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Volume:
142.2ml

Fig. 3. Representative images of the right kidney obtained from volume analyzer SYNAPSE VINCENT in a patient of the progression group. Initial CT (A; axial image,
B; sagittal image, C; coronal image, D; 3D image, right renal volume = 142.2 ml) and latest CT obtained 4.86 year after (E; axial image, F; sagittal image, G; coronal
image, H; 3D image, right renal volume = 64.6 ml) showed the decreased volume of the right kidney with the annual reduction volume of 16.0 ml during the follow-

up periods.

have reported a correlation between the GFR and kidney volume
measured by semi-automated 3D CT volumetry using 1- or 5-mm slice
thickness with manual segmentation of the kidney [7,11]. Mitsui et al.
reported that automated 3D volumetric CT with a slice thickness of 1
mm, similar to our study, was able to measure the total volume of the
kidney more accurately than previous studies using the ellipsoid method
or using 2-mm-slice CT [9]. In addition, they showed that a dedicated 3D
CT volumetric software program similar to that used in this study pro-
vides reproducible results for measuring the renal volume without the
influence of observers because of its fully automated function [9].

Few previous reports have assessed the differences in the volumes
between the right and left kidneys. In the present study, the left renal
volume was predominantly larger than the right volume on initial CT.
The definitive reason for these findings is unclear but may be related to
the anatomic differences between the right and left kidneys. Anatomi-
cally, the left renal vein (LRV) is longer than the right renal vein (RRV)
and flows across the abdominal aorta into the inferior vena cava. The
LRV is then usually compressed and narrowed between the superior
mesenteric artery and the abdominal aorta. These anatomical features of
the LRV might result in physiological congestion of the left renal venous
blood flow as well as the left renal parenchyma, ultimately causing a
relatively increased volume of the left kidney [13].

In the present study, the total renal volumes in the patients with CKD
G2 in the progression group were significantly smaller than in the non-
progression group at the initial CT examination. This result indicated
that, even in G2 patients with a mildly impaired renal function, a small
renal size may be an important early finding that suggests worsening of
the renal function during clinical follow-up, although the cutoff values
for initial renal volumes in G2 patients presented in this study did not
have high sensitivity for predicting the clinical prognosis. In addition,
the annual reduction volume in both kidneys was significantly greater in
the progression group than in the non-progression group, suggesting
that a decrease in the renal volume over time can be used as an indicator
to predict the progression of CKD and that it is important to focus on the
annual reduction volume during clinical follow-up. A combined assess-
ment of the initial renal volume and annual reduction volume may
contribute to an improved prognostic prediction.

Furthermore, the annual reduction in the volume of the left kidney

was significantly greater than that of the right kidney. This finding
suggests that the left kidney is potentially more prone to congestion due
to anatomic factors and is therefore affected by continuous congestion,
resulting in a decrease in the renal volume with renal damage over time.
A previous study reported that increased renal venous pressure due to
venous congestion and increased renal interstitial pressure are associ-
ated with a worsening renal function in patients with heart failure
[14,15], supporting our findings. The results of this study provide new
insights into the relationship between longitudinal changes in the renal
volume measured by automated 3D volumetric CT and CKD progression,
and it would be valuable to understand these relationships with clinical
relevance.

Several limitations of the present study warrant mention. First, the
data were collected retrospectively, so some selection bias which was an
inevitable limitation may have occurred. Further prospective studies are
needed to validate our results. Second, all measurements of the renal
volume were performed by one observer; therefore, the reproducibility
of automated 3D CT volumetry was not evaluated. However, we believe
that variations in automated 3D volumetric CT measurements would not
be caused by automatically indicating the boundaries of the kidneys.
Finally, the measurement of the renal volume by CT over a long follow-
up period raises the issue of radiation exposure. It is essential to reduce
radiation exposure as much as possible using dual-energy CT and Sn
filters.

In conclusion, the automated 3D volumetric CT measurement of the
whole kidney has the potential to monitor changes in the renal volume
over time with changes of the renal function, and it may be helpful for
predicting patients with an increased risk of progressing CKD grades
during the longitudinal follow-up.

CRediT authorship contribution statement

Koji Narikiyo: Writing — original draft, Formal analysis. Masahiro
Tanabe: Data curation. Mayumi Higashi: Methodology. Yosuke
Kawano: Investigation. Atsuo Inoue: Investigation. Haruka
Kiyoyama: Investigation. Naohiko Kamamura: Investigation. Taiga
Kobayashi: Writing — review & editing. Takaaki Ueda: Writing — re-
view & editing. Katsuyoshi Ito: Supervision, Data curation,



K. Narikiyo et al.

Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

[1]

[2]

[3

)

[4]

[5

—

[6]

S. Johnson, R. Rishi, A. Andone, W. Khawandi, J. Al-Said, N. Gletsu-Miller, E. Lin,
D.A. Baumgarten, W.C. O’Neill, Determinants and functional significance of renal
parenchymal volume in adults, Clin. J. Am. Soc. Nephrol. : CJASN 6 (2011) 70-76,
https://doi.org/10.2215/CJN.00030110.

H.J. Baumgartl, G. Sigl, P. Banholzer, M. Haslbeck, E. Standl, On the prognosis of
IDDM patients with large kidneys, Nephrol., Dial., Transplant. : Off. Publ. Eur. Dial.
Transplant Association — Eur. Renal Associat. 13 (1998) 630-634, https://doi.org/
10.1093/ndt/13.3.630.

I. Al Salmi, M. Al Hajriy, S. Hannawi, Ultrasound measurement and kidney
development: a mini-review for nephrologists, Saudi J. Kidney Dis. Transplant. :
Off. Publ. Saudi Center Organ Transplant., Saudi Arabia 32 (2021) 174-182,
https://doi.org/10.4103/1319-2442.318520.

A.A. Sanusi, F.A. Arogundade, O.C. Famurewa, A.O. Akintomide, F.O. Soyinka, O.
E. Ojo, A. Akinsola, Relationship of ultrasonographically determined kidney
volume with measured GFR, calculated creatinine clearance and other parameters
in chronic kidney disease (CKD), Nephrol., Dial., Transplant. : Off. Publ. Eur. Dial.
Transplant Association — Eur. Renal Association 24 (2009) 1690-1694, https://doi.
org/10.1093/ndt/gfp055.

S. Vegar Zubovic, S. Kristic, I. Sefic Pasic, Relationship between
ultrasonographically determined kidney volume and progression of chronic kidney
disease, Medicinski glasnik : Off. Publ. Med. Associat. Zenica-Doboj Canton, Bosnia
and Herzegovina 13 (2016) 90-94. https://doi.org/10.17392/852-16.

J. Bakker, M. Olree, R. Kaatee, E.E. de Lange, K.G. Moons, J.J. Beutler, F.J. Beek,
Renal volume measurements: accuracy and repeatability of US compared with that
of MR imaging, Radiology 211 (1999) 623-628, https://doi.org/10.1148/
radiology.211.3.r99jn19623.

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

European Journal of Radiology 170 (2024) 111245

H.S. Shin, B.H. Chung, S.E. Lee, W.J. Kim, H.I. Ha, C.W. Yang, Measurement of
kidney volume with multi-detector computed tomography scanning in young
Korean, Yonsei Med. J. 50 (2009) 262-265, https://doi.org/10.3349/
ymj.2009.50.2.262.

M. Almeida, P.R. Pereira, M. Ramos, D. Carneiro, M. Mandaleno, F. Silva,

S. Pedroso, M. Franca, S. Martins, J. Malheiro, CT volumetry performs better than
nuclear renography in predicting estimated renal function one year after living
donation, Int. Urol. Nephrol. 55 (2023) 553-562, https://doi.org/10.1007/
§11255-022-03441-9.

Y. Mitsui, T. Sadahira, M. Araki, K. Wada, R. Tanimoto, Y. Ariyoshi, Y. Kobayashi,
M. Watanabe, T. Watanabe, Y. Nasu, The assessment of renal cortex and
parenchymal volume using automated CT volumetry for predicting renal function
after donor nephrectomy, Clin. Exp. Nephrol. 22 (2018) 453-458, https://doi.org/
10.1007/s10157-017-1454-1.

N. Nishimura, S. Hori, M. Tomizawa, T. Yoneda, Y. Morizawa, D. Gotoh, Y. Nakai,
M. Miyake, K. Torimoto, N. Tanaka, K. Fujimoto, Reproducibility of Computed
Tomography Volumetry for Predicting Post-Donation Remnant Renal Function: A
Retrospective Analysis, Transpl. Proc. 55 (2023) 288-294, https://doi.org/
10.1016/j.transproceed.2023.02.015.

LH. Gong, J. Hwang, D.K. Choi, S.R. Lee, Y.K. Hong, J.Y. Hong, D.S. Park, H.

G. Jeon, Relationship among total kidney volume, renal function and age, J. Urol.
187 (2012) 344-349, https://doi.org/10.1016/].juro.2011.09.005.

N.S. Muto, T. Kamishima, A.A. Harris, F. Kato, Y. Onodera, S. Terae, H. Shirato,
Renal cortical volume measured using automatic contouring software for
computed tomography and its relationship with BMI, age and renal function, Eur.
J. Radiol. 78 (2011) 151-156, https://doi.org/10.1016/j.ejrad.2009.10.005.

K. Ito, M. Hayashida, A. Kanki, A. Yamamoto, T. Tamada, K. Yoshida, M. Tanabe,
Alterations in apparent diffusion coefficient values of the kidney during the cardiac
cycle: Evaluation with ECG-triggered diffusion-weighted MR imaging, Magn.
Reson. Imaging 52 (2018) 1-8, https://doi.org/10.1016/j.mri.2018.05.004.

J.D. Firth, A.E. Raine, J.G. Ledingham, Raised venous pressure: a direct cause of
renal sodium retention in oedema? Lancet (London, England) 1 (1988) 1033-1035,
https://doi.org/10.1016/50140-6736(88)91851-x.

W. Mullens, Z. Abrahams, G.S. Francis, G. Sokos, D.O. Taylor, R.C. Starling, J.

B. Young, W.H.W. Tang, Importance of venous congestion for worsening of renal
function in advanced decompensated heart failure, J. Am. Coll. Cardiol. 53 (2009)
589-596, https://doi.org/10.1016/j.jacc.2008.05.068.



