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Introduction: Kidney and liver cysts in autosomal dominant polycystic kidney disease (ADPKD) can

compress the inferior vena cava (IVC), but IVC compression prevalence and its risk factors are unknown.

Methods: Patients who have ADPKD (n ¼ 216) with abdominal magnetic resonance imaging (MRI) studies

and age-/sex-matched controls (n ¼ 216) were evaluated for IVC compression as well as azygous vein

diameter (a marker of collateral blood flow) and IVC aspect ratio (left-to-right dimension divided by

anterior-to-posterior dimension with a value of 1 corresponding to a circular (high pressure) IVC caudal to

compression.

Results: Severe IVC compression ($70%) was observed in 33 (15%) ADPKD subjects and mild compres-

sion ($50% to <70%) was observed in 33 (15%) subjects; whereas controls had no IVC compression (P <
0.001). Severe IVC compression was associated with larger azygous vein (4.0 � 1.3 mm versus 2.3 � 0.8

mmwithout IVC compression; P < 0.001) and a more circular IVC cross-section upstream (mean IVC aspect

ratio: 1.16 � 0.27 vs. 1.69 � 0.67, P < 0.001), suggesting higher pressure upstream from the compression.

IVC compression was associated with older age, lower estimated glomerular filtration rate (eGFR), greater

height-adjusted total kidney volumes, greater height-adjusted liver volume (ht-LV), and greater liver and

renal cyst fractions (P < 0.001). No subject younger than 30 years had IVC compression, but ADPKD

subjects $40 years old had 12-fold higher risk of IVC compression (95% confidence interval [CI]: 4.2–42.4),

with highest predicted probability for Mayo Clinic classes 1D (59%; 95% CI: 39%–76%) and 1E (74%; 95% CI:

49%–90%) after adjustment (P < 0.001). Women with ht-LV $ 2000 ml/m had 83% (95% CI: 59%–95%)

prevalence of IVC compression. Complications of IVC compression included deep vein thrombosis (DVT)

and symptomatic hypotension.

Conclusions: IVC compression is common in ADPKD patients >40 years old, with Mayo Clinic class 1D/E,

and in females with ht-LV > 2000 ml/m.
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A
rterial complications of ADPKD), including
aneurysm and dissection1–9 of the intracranial

arteries and thoracic aorta1,10–13 are well recognized.
Venous complications of ADPKD are rare. But there
have been case reports of IVC compression complicated
by DVT, pulmonary embolism, hypotension, and he-
patic venous outflow obstruction.14–20

Abdominal MRI is used to measure kidney volumes
in ADPKD and to assess other manifestations including
liver cysts,21 pancreatic cysts,22 and splenomegaly.23 In
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our ADPKD repository, in which subjects are scanned
biennially with noncontrast abdominal MRI, we have
noticed that the IVC is well seen with high signal on
MRI steady-state free precession images and as a black
flow void on T2-weighted images. These images show
the IVC geometry, which is normally oval, can be
squeezed flat by cysts and can have a more distended,
circular cross section, similar to the aorta, with
increased pressure upstream from a compression.
Steady-state free precession images also show the
diameter of the azygous vein, an important IVC
collateral vessel potentially accommodating blood that
needs to bypass an IVC compression. Here, we exam-
ined MRI studies from 216 patients in this ADPKD
research repository and in 216 age-/sex-matched
Kidney International Reports (2021) 6, 168–178
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control patients without ADPKD to determine the
prevalence of IVC compression in ADPKD, to assess for
hemodynamic significance by measuring azygous vein
diameter and the upstream IVC diameters, and to
identify subpopulations at higher risk of IVC
compression.
METHODS

Study Population

This case control study was Institutional Review Board
approved. Written informed consent was obtained
from all ADPKD subjects. Participants were recruited
from the Polycystic Kidney Disease Repository, which
is an ongoing, retrospective, longitudinal study of ge-
netic and phenotype characteristics in ADPKD. All
subjects met diagnostic criteria for ADPKD,3 had
abdominal MRI, and gene mutation analysis (Figure 1).

An age- and sex-matched control group was selected
from the radiology picture archiving and communica-
tion system comprising patients who had undergone
abdominal MRI but did not have ADPKD. Selection of
control subjects was approved by the Institutional
Review Board and compliant with the Health Insurance
Portability and Accountability Act; the requirement
for informed consent of the control subjects was
waived.

Imaging Protocol

All ADPKD subjects underwent a standardized proto-
col MRI at 1.5 tesla (Signa Excite 12.0-15.0; GE, Wau-
kesha, WI) using a body phased-array coil for signal
reception. T2-weighted coronal and axial single-shot
fast spin echo and axial steady-state free precession
acquired with standard imaging parameters
(Supplementary Table S1). These basic MRI pulse
Figure 1. Patient recruitment flow chart. ADPKD, autosomal dominant po
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sequences were also part of the imaging protocols of
control subjects.

Image Analysis

Abdominal MRIs were reviewed independently by three
radiologists (MRP, XL, and XY) with 25, 10, and 10 years
of experience. These observers were blinded to clinical,
laboratory, and PKD gene data. Extrinsic IVC compres-
sion from renal or hepatic cysts was identified and
percent area narrowing calculated: 1- (area of narrowest
point) / (average of area measured above and below).
Mid-IVC cross-sectional area at its narrowest point, as
determined by coronal and axial images, was measured
using an electronic polygon tool to trace the lumen
perimeter. Cross-sectional areas were measured above the
mid-IVC (above any narrowing) where the IVC is intra-
hepatic, and at the common iliac vein confluence. Criteria
for the IVC narrowing classification were: “normal” if
percent area narrowing <50%, “mild narrowing”
if $50% and <70% narrowing, and “severe” if IVC
percent area narrowing $70%. Location of the IVC
compression was noted as intrahepatic when due to a
hepatic cyst(s) or infrahepatic when due to compression
by a renal cyst(s). Differences in reporting were resolved
by consensus. One observer (MRP) evaluated IVC
compression twice in 20% of ADPKD subjects after a 6-
month interval to evaluate intraobserver variation. To
determine the degree of IVC distension inferior to site of
maximum narrowing, the long horizontal cross-sectional
dimension, referred to as left-to-right and the short
cross-sectional dimension referred to as anterior-to-
posterior were measured to calculate the IVC aspect ra-
tio (Supplementary Figure S1). An IVC aspect ratio >>1
indicated a flat/oval IVC as is typically seen with a
normal, low pressure IVC. An IVC aspect ratio w1 was
interpreted to be a pressurized IVC that had become
lycystic kidney disease; MRI, magnetic resonance imaging.
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circular to accommodate increased pressure caudad to an
IVC compression. The azygous vein, a collateral for IVC
stenosis, was too small to measure cross-sectional area, so
its lumen diameter was determined at the level of the
diaphragm.

Kidney, liver, and spleen volumes were measured by
manually contouring organ outer margins to segment
the kidneys from the rest of the T2-weighted imaging
data. Total kidney volume (TKV) was the sum of right
and left kidney volumes. Height-adjusted total kidney
volume (ht-TKV) was TKV/height (ml/m). Height-
adjusted liver volume (ht-LV) was liver volume/
height and height-adjusted spleen volume was spleen
volume/height (ml/m). Nerve root ectasia, umbilical
hernia, and separation of medial edges of rectus
abdominis were determined by the observers. Kidney
and liver cyst fractions were estimated using thresh-
olding on organs segmented from T2-weighted images
(or using cyst diameter measurements for organs
with <10 cysts) to determine cyst volume,21 manually
adjusting as necessary to add the volume of T2 dark
(hemorrhagic) cysts. Cyst volumes were then divided
by organ volumes and multiplied by 100 to obtain a
percent cyst fraction.
Clinical Data

Electronic medical records were reviewed for levels of
serum creatinine, eGFR (ml/min per 1.73 m2), aspartate
transaminase, alanine transaminase, alkaline phospha-
tase, bilirubin, albumin, proteinuria, red blood cell
count, white blood cell count, platelets, age, sex,
height, weight, body mass index, and any clinical ev-
idence of DVT (e.g., lower extremity edema).
Statistical Analysis

Interobserver and intraobserver reliability was
measured using Kappa for presence of IVC compression
and interclass correlation coefficient for IVC measure-
ments. Normally distributed variables were reported as
the mean � standard deviation. Data that were not
normally distributed were reported as median (inter-
quartile range).

The c2 or Fisher exact test was used to assess the
significance of differences in prevalence of IVC
compression in ADPKD versus control subjects, and
distribution of categorical variables between location
(i.e., intrahepatic or renal) and severity (i.e., normal,
mild, or severe) of IVC compression. A Student t test or
analysis of variance were used to assess the significance
of differences in continuous variables between ADPKD
and control subjects, between ADPKD patients without
or with mild and severe compression, and between
different locations of IVC compression. In cases of
170
parametric test assumption violations, Wilcoxon rank
sum or Kruskal Wallis test was applied.

Univariate logistic regression was applied to the
ADPKD subjects to assess the relationship between
presence of IVC compression by hepatic or renal cysts
as dependent variables, and the independent variables
including age, sex, body mass index, PKD genotype,
ht-TKV, ht-LV, height-adjusted spleen volume, renal
and hepatic cyst fraction, umbilical hernia width, liver
enzymes, DVT, edema, pleural effusion, proteinuria,
and free pelvic fluid. Variables were then included in
the multivariate analysis based on their univariate P <
0.10 to assess their independent effect on the depen-
dent variables. We used backward elimination with the
Akaike information criterion as the stopping rule.
Established risk factors of rapid ADPKD progression,
including male sex, PKD1 genotype, and high ht-TKV,
were maintained in the model as potential confounders,
regardless of their significance level. To assess possible
multicollinearity, the correlation of independent vari-
ables and variance inflation factor were determined.
Model fits were compared based on Akaike information
criterion and Nagelkerke’s pseudo-R2. Logarithmic
transformation was used when appropriate to improve
the model fit. Subjects with missing data were
excluded from the multivariate analysis. Alpha level
was set to 0.05 and all analyses were performed in R,
version 3.3.1 (R Core Team, Vienna, Austria).

RESULTS

Demographic characteristics of 216 ADPKD and 216
age-/sex-matched control subjects are shown in
Table 1. The ADPKD and control populations had no
significant differences in mean height, weight, body
mass index, alanine aminotransferase, or alkaline
phosphatase levels. As expected, the mean liver, kid-
ney, and spleen volumes were larger in the ADPKD
than control groups and mean eGFR was lower in the
ADPKD group. There were small but statistically sig-
nificant differences in median serum albumin, bili-
rubin, and aspartate transaminase. No control subjects
had ADPKD or clinical evidence of liver disease.

IVC Compression

Interobserver and intraobserver reproducibility for the
detection of IVC compression was high with Kappa ¼
0.9 for both. Reproducibility of IVC diameter mea-
surements was high with interclass correlation
coefficient ¼ 0.88 and 0.76 for AP and left-to-right
diameters, respectively. IVC cross-sectional area mea-
surement reproducibility was also high with interclass
correlation coefficient ¼ 0.92, 0.91, and 0.92 for the
area measurements at the site of maximum narrowing
as well as above and below the IVC compression.
Kidney International Reports (2021) 6, 168–178



Table 1. Demographic, clinical, and laboratory data and Prevalence of IVC compression in ADPKD and controls

Parameter

ADPKD Control

P value(n [ 216) (n [ 216)

Age, yr, mean � SD 48 � 14 48 � 14 1.00

Sex, n (%)

Male 102 (47) 102 (47) 1.00

Female 114 (53) 114 (53)

Weight, kg 78 þ18 75 þ 20 0.13

Height, m 1.71 � 0.11 1.69 � 0.10 0.06

BMI, kg/m2 26.2 � 4.9 26.4 � 6.6 0.68

Total kidney volume,a ml 1380 (728–2581) 329 (78–691) <0.001

Height-adjusted TKV,a ml/m 837 (437–1496) 190 (47–400) <0.001

Height-adjusted spleen volume, ml/m 151 � 65 119 � 58 <0.001

eGFR, ml/min per 1.73 m2 61.5 � 28.6 85.0 � 30.9 <0.001

Presence of IVC compression 66 (31) 0 (0) <0.001

Liver cysts,a n 70 (9–180) 0 (0–0)c <0.001

Liver cyst fraction,a,b % 1.98 (0.13–16.8) 0 (0–0) <0.001

Polycystic liverd 146 (68) 0 (0) <0.001

Total bilirubin,a mg/dl 0.6 (0.4–0.7) 0.7 (0.5–0.9) 0.012

Albumin, g/dl 4.3 � 0.28 3.8 � 0.73 <0.001

Aspartate transaminase,a U/L 23 (20–27) 21 (18–28) 0.013

Alanine aminotransferasea 20 (16–27) 20 (16–28) 0.92

Alkaline phosphate, IU/l 66.5 � 21.6 68.4 � 29.1 0.46

No IVC compression (0–50%) 150 (69.9) 216 (100) <0.001

Mild IVC compression (50%– 70%) 33 (15.3) 0 <0.001

Severe compression ($70%) 33 (15.3) 0 <0.001

IVC compression reported prospectively 2 (3) N/A

IVC lumen area (mm2)

Intrahepatic (above) 271 � 121 313 � 126 <0.001

Mid-IVC or site of max narrowing 136 � 90 168 � 80 <0.001

Iliac vein confluence (below) 264 � 90 226 � 79 <0.001

ADPKD, autosomal dominant polycystic kidney disease; BMI, body mass index; eGFR, estimated glomerular filtration rate; IQR, interquartile range; IVC, inferior vena cava; N/A, not
applicable; TKV, total kidney volume.
aNonparametric data are presented as median (IQR) and proportions as n (%).
bCyst fraction (%) ¼ (volume of cysts/volume of organ) � 100.
cOnly 8 control subjects had liver cysts.
d>20 hepatic cysts.
All normally distributed data are presented as mean�SD.
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Azygous vein diameter measurement reproducibility
was excellent with interclass correlation coefficient ¼
0.94.

IVC narrowing $50% (mild and severe) due to
extrinsic compression by renal or hepatic cysts was
present in 31% of ADPKD subjects on their baseline
scan compared to none of the control subjects (P <
0.001) (Table 1). In subjects with either mild or severe
IVC compression, the location of the compression was
most commonly infrahepatic by renal cysts (Figures 2
and 3; Supplementary Figure S2) (n ¼ 45) and, less
often, intrahepatic by hepatic cysts (Figure 4) (n ¼ 21).
Seven patients had compression at both sites.

IVC compression was associated with larger diameter
azygous veins as well as a more circular appearance to
the iliac vein confluence with an aspect ratio of 1.16
(vs. 1.69 in patients without compression, P < 0.001,
suggesting increased IVC pressure caudal to the
compression) (Table 2). Backward stepwise multivariate
linear regression using established confounders (age,
sex, ht-TKV, and eGFR) and variables found to be
Kidney International Reports (2021) 6, 168–178
significant in the univariate analysis showed a signifi-
cant association of log IVC aspect ratio with azygos
vein diameter in ADPKD patients after adjustment for
age, sex, eGFR, log ht-TKV, and ht-LV (P ¼ 0.018)
(Supplementary Table S2). Patients with IVC
compression also had a smaller IVC cross-sectional area
cephalad to the site of compression (P < 0.001), and a
larger IVC cross-sectional area caudad to the site of
compression (P < 0.001) suggesting hemodynamic
significance (Table 2).

Comparisons of the multiple variables in patients
with and without IVC compression (Supplementary
Table S3) showed significant differences in factors
associated with severe kidney and liver cystic
involvement. Specifically, those with IVC compression
were older (P < 0.001), had lower eGFR (P < 0.001),
greater ht-TKV (P < 0.001), greater ht-LV (P ¼ 0.002),
greater renal and liver cyst fractions (P < 0.001), and
larger separation of rectus abdominis muscles (P <
0.001). Mayo Clinic classification24 was associated with
IVC compression (P ¼ 0.009) (Supplementary Table S4).
171



Figure 2. Patient who has autosomal dominant polycystic kidney disease (ADPKD) with renal cysts compressing inferior vena cava (IVC) and
lower extremity deep venous thrombosis (DVT). (a) Coronal steady-state free precession (SSFP) shows upper pole renal cysts compressing IVC
(solid yellow arrow). (b, solid white arrow) Axial SSFP shows widely patent IVC superior to level of compression. (c) Severe luminal narrowing of
IVC at site of IVC compression (solid white arrow). (d) A round IVC cross section caudal to IVC compression just above iliac vein confluence
(yellow open arrow). (e–g) Ultrasound in same patient shows occlusive DVT in the right popliteal vein. (h–j) After anticoagulation, normal flow
and compressibility of popliteal vein is restored.

CLINICAL RESEARCH X Yin et al.: IVC Compression in ADPKD
Using the age of 40 years as a threshold, IVC compres-
sion was significantly associated with age older than 40
years across different Mayo Clinic classes (P < 0.001)
Figure 3. Right upper pole renal cyst compressing inferior vena cava (IVC)
shot fast spin echo magnetic resonance images (MRIs) show right upper p
left (solid red arrows). (c–e) Axial steady-state free procession (SSFP) MR
compression the IVC (open white arrow) and common iliac veins (curved
rowheads). (c,d) Cross-sectional axial images of IVC marked with blue sh
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(Table 3).The prevalence of IVC compression was 0%
below the age of 30 years and plateaued after 40 years
old (Supplementary Table S5). Univariate logistic
and displacing common bile duct. (a) Axial and (b) coronal T2 single-
ole cyst in a 39-year-old male displacing the common bile duct to the
Is show renal cyst compressing the IVC (open red arrow). Caudal to
white arrows) are dilated and there are scrotal varices (f, red ar-
adow.

Kidney International Reports (2021) 6, 168–178



Figure 4. Patient who has autosomal dominant polycystic kidney disease (ADPKD) with hepatic cysts growing during pregnancy and com-
pressing the inferior vena cava (IVC). Before pregnancy (a) coronal, (b) axial of intrahepatic IVC, and (c) axial of IVC at iliac vein confluence
show patent IVC lumen (solid white arrow) and small hepatic cysts (open red arrow) which are enlarged post-pregnancy (d, open red arrow)
causing severe intrahepatic IVC stenosis (e, solid yellow arrow). Upstream from the intrahepatic IVC stenosis, the IVC is more pressurized and
circular at the iliac vein confluence (f, open yellow arrow). (b,c,e,f) Green circles indicate axial IVC images. (b,e) Partially amplified cross-
sectional images of IVC are marked with blue shadow.
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regression analysis showed a significantly higher prev-
alence of IVC compression in classes 1D and 1E
compared to class 1A, as well as in the age group $40
years (Supplementary Table S6). We did not find any
significant interaction between Mayo Clinic Classifica-
tion and age (Supplementary Table S6). PKD gene mu-
tation type was not associated with IVC compression
(P ¼ 0.50) (Supplementary Table S3).
Table 2. IVC compression effects on azygos vein diameter, IVC dimension
216 ADPKD subject
Parameters No compression n [ 150 Mild co

Azygos vein diameter, mm 2.3 � 0.8

IVC luminal area, mm2

Intrahepatic (above compression) 295 � 127

Mid or site of max narrowing 157 � 93

Iliac vein confluence (below) 260 � 90

IVC measurements at iliac vein confluence, mm

Left-to-right IVC dimension 22.2 � 3.2 1

Anterior-to-posterior IVC dimension 14.4 � 3.8 1

IVC aspect ratioa 1.69 � 0.67 1

ADPKD, autosomal dominant polycystic kidney disease; ANOVA, analysis of variance; IVC, infe
aIVC aspect ratio ¼ left-to-right/anterior-to-posterior dimension.

Kidney International Reports (2021) 6, 168–178
These coefficients remained significant in a multi-
variate regression model adjusted for age, sex, and
genotype (Table 4). Patients $40 years-old were 12-
fold (95% CI: 4.2–42) more likely to have IVC
compression compared to the reference: males <40
years old belonging to the Mayo Clinic class 1A with
mean ht-LV ¼ 1200 ml/m and PKD2 or unknown
mutation. ADPKD patients with Mayo Clinic
and aspect ratio upstream from compression and IVC lumen area in

mpression n [ 33 Severe compression n [ 33 ANOVA test P

2.5 � 1.3 4.0 � 1.3 <0.001

233 � 75 200 � 88 <0.001

116 � 69 61 � 40 <0.001

263 � 83 281 � 95 0.460

9.7 � 3.2 19.8 � 3.5 <0.001

6.5 � 3.8 17.1 � 4.2 <0.001

.27 � 0.39 1.16 � 0.27 <0.001

rior vena cava.
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Table 3. Prevalence of IVC compression based on age and Mayo Clinic Classification 1 for 214 subjects

Age, yr

Mayo Clinic Classification

1A 1B 1C 1D 1E Sum

<40 0% (0/4) 6% (1/16) 0% (0/14) 8% (1/13) 21% (3/14) 8% (5/61)

$40 12% (2/17) 26% (10/38) 40% (23/58) 64% (18/28) 67% (8/12) 40% (61/153)

Total 10% (2/21) 20% (11/54) 32% (23/72) 46% (19/41) 42% (11/26) 31% (66/214)

IVC, inferior vena cava.
Mantel-Haenszel c2 (2 � 2 � 5 matrix) P < 0.001.
Two subjects were excluded: 1 with missing height data and 1 with renal transplantation at baseline.

CLINICAL RESEARCH X Yin et al.: IVC Compression in ADPKD
Classifications 1D and 1E were 13-fold (95% CI: 2.4–
116) and 26-fold (95% CI: 4.3–255) more likely to have
IVC compression compared to the. Figure 5 shows that
IVC compression was strongly associated with older
age and with more severe Mayo Clinic Classifications, a
predictor of rapid progression to end-stage renal
disease.

IVC Compression by Hepatic Cysts

Intrahepatic IVC compression occurred almost exclu-
sively in females, possibly reflecting their greater
hepatic cyst fraction (Supplementary Table S7). In
women with height adjusted liver volume (ht-LV)
exceeding 2000 ml/m (corresponding to liver cyst
fraction w 60%), the majority, 77% [95% CI: 54%–
91%], had intra-hepatic IVC compression and 83%
(95%CI: 59%-95%) had intra-hepatic or renal IVC
compression (Supplementary Figure S3).

Supplementary Table S7 shows that subjects with
intrahepatic compression of the IVC were older, fe-
male and had greater ht-LV, greater liver cyst frac-
tion, lower height and weight and a more circular
IVC below the compression (P < 0.05) that was
consistent with higher IVC pressure caudal to the site
Table 4. Multivariable models of overall IVC compression in ADPKD
patients

Predictors

Multivariate

OR 95% CI P

Female 1.1 0.50–2.35 0.843

Age $40 yr 12.0 4.21–42.43 <0.001

PKD1 1.7 0.74–3.90 0.218

ht-LVa 0.6 0.26–1.23 0.195

Mayo Clinic class

1B 2.9 0.55–24.04 0.250

1C 4.3 0.91–34.33 0.101

1D 13.3 2.44–115.73 0.007

1E 26.3 4.29–254.54 0.001

Interaction

Female * ht-LVa 5.53 2.29–15.96 0.001

ADPKD, autosomal dominant polycystic kidney disease; CI, confidence interval; ht-LV,
height-adjusted liver volume; IVC, inferior vena cava; OR, odds ratio.
Predictors are compared to the reference: Male, <40 years old, PKD2 or unknown
mutation, with mean ht-LV (1200 ml/m) and Mayo Clinic class 1A.
aht-LV was standardized to mean¼0 and SD¼1, odds ratio is reported for 1 SD change
in ht-LV.
The interaction term, female*ht-LV, is highly significant showing female ADPKD sub-
jects with large livers have 3.3-fold (OR interaction * OR ht-LV ¼ 5.5*0.6) greater odds of IVC
compression.
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of compression. Multivariate analysis to assess the
independent effect of ht-LV or liver cyst fraction,
found that intrahepatic compression of the IVC was
associated with female sex (odds ratio [OR]: 20, 95% CI:
1.72–235.61, P ¼ 0.017) and ht-LV (OR: 5.63, 95% CI:
2.81–11.28, P < 0.001). In the regression model where
ht-LV was removed and substituted for by liver cyst
fraction (%), female sex (OR: 20.13), and liver cyst
fraction (OR: 1.12) were significantly associated with
intrahepatic compression of IVC (Table 5).

IVC Compression by Renal Cysts

IVC compression by renal cysts was more prevalent in
males (P ¼ 0.0015), and in those with greater renal cyst
fraction, higher ht-TKV, lower eGFR, and larger rectus
muscle separation width (Supplementary Table S8).
Multivariate analyses (Table 6) showed that both
higher log ht-TKV (OR: 8.65; 95% CI: 3.95–18.94; P <
0.001) and larger renal cyst fraction (OR: 1.05; 95% CI:
1.03–1.08; P < 0.001) were associated with a higher
likelihood of IVC compression by renal cysts. In the
Figure 5. Predicted probability of inferior vena cava (IVC)
compression based on age and Mayo Clinic Classification using
multivariate logistic regression after adjustment. Probability (95%
confidence interval [CI]) of IVC compression for patients with
age <40 years and Mayo Clinic classes 1A: 1% (95% CI: 0.1%–6%),
1B: 3% (95% CI: 0.6%–9%), 1C: 4% (95% CI: 1%–12%), 1D: 11% (95%
CI: 3%–29%), and 1E: 19% (95% CI: 7%–43%); and for patients with
age $40 years and Mayo Clinic classes 1A: 10% (95% CI: 2%–36%),
1B: 26% (95% CI: 13%–41%), 1C: 32% (95% CI: 21%–46%), 1D: 59%
(95% CI: 39%–76%), and 1E: 74% (95% CI: 49%–90%).

Kidney International Reports (2021) 6, 168–178



Table 5. Intrahepatic IVC compression multivariate analysis
Using ht-LV Using liver cyst fraction

Predictors ORs CI P Predictors ORs CI P

Female 38.39 2.03–725.13 0.015 Female 20.13 1.72–235.61 0.017

PKD1 2.93 0.52–16.49 0.222 PKD1 2.89 0.42–20.00 0.283

Age, yr 1.05 0.99–1.11 0.110 Age, yr 1.05 0.98–1.13 0.147

log ht-TKV 0.51 0.17–1.52 0.229 log ht-TKV 0.31 0.08–1.12 0.075

ht-LVa 5.63 2.81–11.28 <0.001 Liver cyst fraction (%) 1.12 1.07–1.18 <0.001

CI, confidence interval; ht-LV, height-adjusted liver volume; ht-TKV, height-adjusted total kidney volume; IVC, inferior vena cava; OR, odds ratio.
aht-LV is standardized to mean ¼ 0 and SD ¼ 1, i.e., 1 unit change in ht-LV ¼ 1 SD.
PKD1 was compared to PKD2 and indeterminate mutations.
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model with renal cyst fraction, sex retained its signif-
icance with males having higher risk of developing IVC
compression by renal cysts (OR: 2.85; 95% CI: 1.33–
6.25; P ¼ 0.007). Men had greater ht-TKV than women
(median [interquartile range]: 985 [1199]–678 [758]; P <
0.001) but their renal cyst fraction was similar (median
[interquartile range]: 87.5% [48.5]–82.2% [45.8]; P ¼
0.195), thereby accounting for the difference in effect
of sex between these 2 models. An association with
borderline statistical significance was identified
whereby height-adjusted liver volume was inversely
associated with the likelihood of intrarenal compression
of the IVC in both models (Table 6).
Pregnancy, Parity, and Hormone Replacement

Therapy

Considering the strong association of intrahepatic
IVC compression with female sex (n ¼ 114), we also
evaluated whether sustained high levels of exposure
to estrogen, including hormone replacement ther-
apy, prior pregnancy, and multiparity were risk
factors for IVC compression. No significant associ-
ations of these measures with IVC compression were
found (Supplementary Table S9). However, multi-
variate regression analysis showed an association
between parity and IVC compression by renal
cysts (OR: 1.45; 95% CI: 1.03–2.12; P ¼ 0.039)
(Supplementary Table S10) where each birth
increased the odds of extrinsic IVC compression by
renal cysts by 45%. In this regression model, there
Table 6. IVC compression by renal cysts multivariate analysis
Using log ht-TKV

Predictors OR CI P

Male 1.45 0.60–3.45 0.405

PKD1 1.56 0.59–4.09 0.369

Age, yr 1.01 0.98–1.05 0.421

log ht-TKV 8.65 3.95–18.94 <0.001 Re

ht-LVa 0.59 0.34–1.02 0.057

ht-LV, height-adjusted liver volume; ht-TKV, height-adjusted total kidney volume; IVC, inferior v
ht-TKV has a higher OR because of amplification by log scaling.
aht-LV is standardized to mean ¼ 0 and SD ¼ 1, i.e., 1 unit change in ht-LV ¼ 1 SD.
PKD1 was compared to PKD2 and indeterminate mutations.
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was also an association of greater ht-TKV and risk of
renal compression of IVC.
Clinical Events Related to IVC Compression

We found severe intrahepatic IVC compression caused
by hepatic cysts that had grown substantially during
pregnancy (Figure 4) in an ADPKD patient presenting
with symptomatic hypotension. Although DVT
occurred in four ADPKD patients, three of these also
had disorders associated with hypercoagulability: 1
each with antiphospholipid antibodies, factor V Leiden
deficiency, and human immunodeficiency virus infec-
tion.25,26 The sole ADPKD patient who developed DVT
in our study, without having risk factors for throm-
bosis identified by an extensive hematologic evalua-
tion, had severe IVC compression by renal cysts
(Figure 2). DVT was diagnosed in 2 control patients,
each of whom had risk factors including rectal cancer27

and post-traumatic stress disorder.28 Another control
patient with diabetes had pulmonary embolism
without DVT.

Follow-up MRI scans were available for 143 of 216
ADPKD patients ranging from 2 to 15 years (median: 5
years). Nine of 100 (9%) ADPKD patients with no IVC
compression at baseline progressed to IVC compression
on follow-up (range: 2–14 years; median: 6 years). For 2
of 23 (9%) ADPKD patients with mild IVC compression
at baseline, it became severe during follow-up. The
remaining 129 of 143 patients were unchanged; none of
those with severe compression at baseline regressed to
Using renal cyst fraction

Predictors OR CI P

Male 2.85 1.33–6.25 0.007

PKD1 1.37 0.58–3.25 0.479

Age, yr 1.02 0.99–1.05 0.173

nal cyst fraction (%) 1.05 1.03–1.08 <0.001

ht-LVa 0.62 0.38–1.02 0.058

ena cava; OR, odds ratio.
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normal at follow-up. IVC compression of any magni-
tude was not observed to become less compressed
during follow-up imaging.
DISCUSSION

Arterial complications of ADPKD include intracranial
aneurysms (10%),5–7 aneurysm or dissection of the
aorta (0.9%),8,11,12 coronary arteries,10,13 and doli-
choectasia of carotid/vertebral arteries.9,29,30 However,
there is a paucity of information regarding venous
abnormalities in ADPKD. In this case control study
of 216 ADPKD subjects and 216 age-/sex-matched
controls, we found the prevalence of IVC compres-
sion by renal or hepatic cysts was dramatically
higher in those older than 40 years in Mayo Clinic
classes 1D/E and in females with ht-LV $ 2000 ml/m.
Radiographic features indicate that IVC compression
in this study was hemodynamically significant
including (i) IVC compression was associated with
increased diameter of the azygous vein, a collateral
vessel known to enlarge during IVC obstruction; and
(ii) distension of the IVC at the iliac vein confluence
into a larger, more circular cross section, suggesting
increased venous pressure compared to the usual flat,
low-pressure IVC cross section. Serious complications in
affected patients included DVT and hypotension.
Although none of the patients in this series developed
ascites or hepatic veno-occlusive disease, these potential
complications represent additional clinical concerns for
ADPKD patients with intrahepatic IVC compression.

IVC compression in this study correlated with
increased cystic involvement of kidneys and liver.
Younger patients (<30 years old) had fewer kidney/
liver cysts, and none in this age range had MRI signs of
IVC compression. Older patients with more advanced
disease had a higher rate of IVC compression; the age of
40 years appeared to be the risk threshold by univar-
iate and multivariate analyses. It is not surprising that
intrahepatic IVC compression occurred almost exclu-
sively in women, who are more likely than men to have
more numerous and larger liver cysts, possibly due to
an estrogen-related mechanism.31–33 As the mean ht-LV
increased, a larger proportion of female ADPKD pa-
tients had MRI evidence of IVC compression, especially
with ht-LV $ 2000 ml/m. In this study, greater parity
and ht-TKV were associated with higher risk of IVC
compression by the cystic kidneys. Therefore, we
propose that hypotension, which occurred in one of
our patients at 8 months pregnancy, was likely due to
progressive IVC compression from enlarging hepatic
cysts, and increased flow to/from the enlarging gravid
uterus and diffuse systemic vasodilatation character-
istic of pregnancy.34,35
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We did not consistently find evidence of peripheral
edema during our review of patient medical records or
identify subcutaneous edema on the images below the
level of compression. For IVC compression caused by
intrahepatic and upper pole of kidney, one might
expect renal vein outflow obstruction and increased
proteinuria.36 However, no correlation with protein-
uria was identified. This may reflect development of
collateral pathways and other physiological adaptations
in these patients. Indeed, the enlarged azygos vein
diameter observed here is a well-known collateral
pathway for IVC obstruction.37

Case reports have identified IVC thrombosis14,16–19,38

in ADPKD, in some cases resulting in pulmonary em-
bolism.18,38 Intraoperative hypotension and hypoxia
were reported previously in ADPKD from IVC
compression exacerbated by general anesthesia inter-
rupting compensatory mechanisms.19 In that case,
surgery had to be aborted but was later completed
successfully, with meticulous attention to perioperative
volume status to maximize venous return. Hepatic
cysts compressing both IVC and hepatic/portal veins
has also been reported in ADPKD39 resulting in hepatic
venous outflow obstruction with ascites, portal hy-
pertension, and a poor prognosis.

The strengths of this study include the relatively
large, well-characterized population of ADPKD subjects
with a matched control population of subjects without
ADPKD. The patient with a thrombotic event had
extensive evaluation that did not find other factors that
provoke thrombosis. Limitations of this study included
retrospective analysis of data collected prospectively.
There was no gold standard for the assessment of pres-
sure gradients across the compressed IVC, which ideally
would be measured by an invasive procedure. Instead,
this was qualitatively assessed here by evaluating the
azygos vein collateral and IVC aspect ratio caudal to
compressions. The IVC aspect ratio was limited in pa-
tients where lower pole right renal cysts restricted the
space available for the IVC to assume its natural cross-
sectional shape. Hydration status was not strictly
controlled, which could impact the degree of IVC
distension. Although patients were instructed to avoid
food intake for 4 hours before MRI to reduce peristalsis
artifacts, fluid intake was permitted during this period
before MRI. During follow-up MRI, we found progres-
sive worsening of IVC compression in some cases, but
none had regression of IVC compression. However, the
duration of follow-up varied among subjects and, thus,
conclusions regarding the natural history, type, and
severity of complications of IVC compression are limited.

In conclusion, IVC compression by renal or he-
patic cysts is a potentially important vascular
complication in autosomal dominant polycystic
Kidney International Reports (2021) 6, 168–178
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kidney disease. IVC compression occurs rarely in
those younger than 30 years and is more likely at
ages >40 years and for patients at highest risk for
progression to end-stage renal disease within a 10-
year period (i.e., Mayo Clinic classes 1D and 1E),
generally in those with the greatest renal cyst
burden. Intrahepatic IVC compression occurs pre-
dominantly in women, with a prevalence reaching
77% for ht-LV $ 2000 ml/m, whereas men are more
likely to have IVC compression by renal cysts. IVC
compression has the potential for significant cardio-
vascular complications, including venous throm-
bosis, pulmonary embolism, hypotension (including
during anesthesia that blocks compensatory mecha-
nisms), and hepatic venous outflow obstruction.

MRI is being performed with increasing frequency
in patients with ADPKD, particularly as specific treat-
ments become available. Routine evaluation of these
MRIs for signs of inferior vena cava compression
should be considered, particularly in those with large
renal and hepatic cyst burdens. The physiologic impact
of IVC compression, including while upright, needs
further investigations.
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including 1 with missing height data and 1 with renal

transplantation at baseline.

Table S6. Univariate logistic regression showing association

between IVC compression and Age >40 years and Mayo
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Clinic Classification and likelihood ratio test for analysis of

interaction between age and Mayo Clinic Classification.

Table S7. Comparisonof the variables betweenpresence and

absence of intrahepatic IVC compression in ADPKD subjects.

Table S8. Comparison of the means/medians of the

continuous and distribution of the categorical variables

between presence and absence of IVC compression by

renal cysts in ADPKD subjects.

Table S9. Frequency table for pregnancy status, parity,

hormone replacement therapy among female ADPKD

patients (N ¼ 114).

Table S10.Multivariate analysis for effect of parity number on

IVC compression among female ADPKD patients (N ¼ 114).

Figure S1. Schematic diagram: measuring the left to right

(LR) and anterior to posterior (AP) IVC lumen dimensions to

get an IVC aspect ratio. (A,B) Flat IVC without compression.

(C) Coronal image of IVC compression; we define above as

IVC, below as just above the iliac vein confluence. (D–F)

Abnormal small aspect ratio with IVC compression.

Figure S2. Coronal (A) andaxial (B,C) SSFPof IVC in a30-year-

old male ADPKD patient. Right kidney is enlarged by innu-

merable cysts and has limited space to expand superiorly. It is

pushed down by the liver (solid yellow arrow) rotating coun-

terclockwise (curved open arrow) with the lower pole

migrating medially to compress the IVC (open yellow arrow).

The left kidney is also expanded by innumerable cysts.

Figure S3. Probability of IVC compression stratified by

gender and ht-LV using multiple logistic regression for

(A) overall IVC compression and (B) intrahepatic IVC

compression. The large error bars in males indicates small

number of observations in this category.

REFERENCES

1. Ecder T, Schrier RW. Cardiovascular abnormalities in

autosomal-dominant polycystic kidney disease. Nat Rev

Nephrol. 2009;5:221–228.

2. Tanaka M, Takasugi J, Hatate J, et al. Anterior cerebral artery

dissection in a patient with autosomal dominant polycystic

kidney disease. J Stroke Cerebrovasc Dis. 2019;28:e129–e131.

3. Cornec-Le Gall E, Alam A, Perrone RD. Autosomal dominant

polycystic kidney disease. Lancet. 2019;393:919–935.

4. Liu D, Wang CJ, Judge DP, et al. A Pkd1-Fbn1 genetic inter-

action implicates TGF-beta signaling in the pathogenesis of

vascular complications in autosomal dominant polycystic

kidney disease. J Am Soc Nephrol. 2014;25:81–91.

5. Xu HW, Qiang S, Mei CL, Li MH. Screening for intracranial

aneurysm in 355 patients with autosomal-dominant polycy-

stic kidney disease. Stroke. 2011;42:204–206.

6. Zhou Z, Xu Y, Delcourt C, et al. Is regular screening for

intracranial aneurysm necessary in patients with autosomal

dominant polycystic kidney disease? A systematic review and

meta-analysis. Cerebrovasc Dis. 2017;44:75–82.

7. Malhotra A, Wu X, Matouk CC, et al. MR angiography

screening and surveillance for intracranial aneurysms in

autosomal dominant polycystic kidney disease: a cost-

effectiveness analysis. Radiology. 2019;291:400–408.
177

https://doi.org/10.1016/j.ekir.2020.10.027
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref1
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref1
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref1
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref2
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref2
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref2
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref3
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref3
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref4
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref4
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref4
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref4
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref5
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref5
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref5
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref6
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref6
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref6
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref6
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref7
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref7
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref7
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref7


CLINICAL RESEARCH X Yin et al.: IVC Compression in ADPKD
8. Perrone RD, Malek AM, Watnick T. Vascular complications in

autosomal dominant polycystic kidney disease. Nat Rev

Nephrol. 2015;11:589–598.

9. Graf S, Schischma A, Eberhardt KE, et al. Intracranial an-

eurysms and dolichoectasia in autosomal dominant poly-

cystic kidney disease. Nephrol Dial Transplant. 2002;17:

819–823.

10. Basile C, Lucarelli K, Langialonga T. Spontaneous coronary

artery dissection: One more extrarenal manifestation of

autosomal dominant polycystic kidney disease? J Nephrol.

2009;22:414–416.

11. Bouleti C, Flamant M, Escoubet B, et al. Risk of ascending

aortic aneurysm in patients with autosomal dominant poly-

cystic kidney disease. Am J Cardiol. 2019;123:482–488.

12. Aoyagi S, Oda T, Kanamoto R, et al. Aortic dissection asso-

ciated with autosomal dominant polycystic kidney disease.

Heart Surg Forum. 2019;22:E032–E034.

13. Neves JB, Rodrigues FB, Lopes JA. Autosomal dominant

polycystic kidney disease and coronary artery dissection or

aneurysm: a systematic review. Ren Fail. 2016;38:493–502.

14. Iguchi S, Kasai A, Kishimoto H, et al. Thrombosis in inferior

vena cava (IVC) due to intra-cystic hemorrhage into a hepatic

local cyst with autosomal dominant polycystic kidney disease

(ADPKD). Intern Med. 2004;43:209–212.

15. Tamburrini R, Ahmed Z, van der Walt J, Goldsmith D. Sudden

death of a patient with polycystic kidneys due to acute inferior

vena cava thrombosis. Scott Med J. 2016;61:171–173.

16. Maeda T, Uchida Y, Oyamada K, Nakajima F. Thrombosis in

inferior vena cava due to enlarged renal cysts in autosomal

dominant polycystic kidney disease. Intern Med. 2010;49:

1891–1894.

17. England RA, Wells IP, Gutteridge CM. Benign external

compression of the inferior vena cava associated with

thrombus formation. Br J Radiol. 2005;78:553–557.

18. O’Sullivan DA, Torres VE, Heit JA, et al. Compression of the

inferior vena cava by right renal cysts: an unusual cause of

IVC and/or iliofemoral thrombosis with pulmonary embolism

in autosomal dominant polycystic kidney disease. Clin

Nephrol. 1998;49:332–334.

19. Pierre SA, Jaeger MT, Siemens DR. Intra-operative inferior

vena cava syndrome in a patient with autosomal dominant

polycystic kidney disease. World J Urol. 2006;24:110–112.

20. Holzmann-Littig C, Lorenz G, Wen M, et al. A case of pul-

monary embolism caused by compression of the vena cava

by intra-abdominal masses in autosomal polycystic kidney

disease. Clin Case Rep. 2020;8:1149–1152.

21. Farooq Z, Behzadi AH, Blumenfeld JD, et al. Comparison of

MRI segmentation techniques for measuring liver cyst vol-

umes in autosomal dominant polycystic kidney disease. Clin

Imaging. 2018;47:41–46.

22. Kim JA, Blumenfeld JD, Chhabra S, et al. Pancreatic cysts in auto-

somal dominant polycystic kidney disease: prevalence and asso-

ciation with PKD2 genemutations. Radiology. 2016;280:762–770.

23. Yin X, Prince WK, Blumenfeld JD, et al. Spleen phenotype in

autosomal dominant polycystic kidney disease. Clin Radiol.

2019;74:975e17–975e24.
178
24. Irazabal MV, Rangel LJ, Bergstralh EJ, et al. Imaging classi-

fication of autosomal dominant polycystic kidney disease: a

simple model for selecting patients for clinical trials. J Am

Soc Nephrol. 2015;26:160–172.

25. Martinelli I, Battaglioli T, Bucciarelli P, et al. Risk factors and

recurrence rate of primary deep vein thrombosis of the upper

extremities. Circulation. 2004;110:566–570.

26. Saif MW, Greenberg B. HIV and thrombosis: a review. AIDS

Patient Care STDS. 2001;15:15–24.

27. Nakagawa K, Watanabe J, Suwa Y, et al. Clinical analysis of

preoperative deep vein thrombosis risk factors in patients

with colorectal cancer: retrospective observational study.

Ann Gastroenterol Surg. 2019;3:451–458.

28. Sumner JA, Kubzansky LD, Kabrhel C, et al. Associations of

trauma exposure and posttraumatic stress symptoms with

venous thromboembolism over 22 years in women. J Am Heart

Assoc. 2016;5:e003197.

29. Nakagawa S, Furuichi K, Sagara A, et al. An autopsy case of

vertebrobasilar dolichoectasia under hemodialysis due to

autosomal dominant polycystic kidney disease. CEN Case

Rep. 2016;5:51–55.

30. Schievink WI, Torres VE, Wiebers DO, Huston J 3rd. Intra-

cranial arterial dolichoectasia in autosomal dominant poly-

cystic kidney disease. J Am Soc Nephrol. 1997;8:1298–1303.

31. Chebib FT, Jung Y, Heyer CM, et al. Effect of genotype on the

severity and volume progression of polycystic liver disease in

autosomal dominant polycystic kidney disease. Nephrol Dial

Transplant. 2016;31:952–960.

32. Sherstha R, McKinley C, Russ P, et al. Postmenopausal es-

trogen therapy selectively stimulates hepatic enlargement in

women with autosomal dominant polycystic kidney disease.

Hepatology. 1997;26:1282–1286.

33. van Aerts RMM, Kievit W, de Jong ME, et al. Severity in

polycystic liver disease is associated with aetiology and fe-

male gender: results of the International PLD Registry. Liver

Int. 2019;39:575–582.

34. Bamber JH, Dresner M. Aortocaval compression in preg-

nancy: the effect of changing the degree and direction of

lateral tilt on maternal cardiac output. Anesth Analg. 2003;97:

256–258. table of contents.

35. Saravanakumar K, Hendrie M, Smith F, Danielian P. Influence

of reverse Trendelenburg position on aortocaval compression

in obese pregnant women. Int J Obstet Anesth. 2016;26:15–18.

36. Mazzoni MB, Kottanatu L, Simonetti GD, et al. Renal vein

obstruction and orthostatic proteinuria: a review. Nephrol

Dial Transplant. 2011;26:562–565.

37. Piciucchi S, Barone D, Sanna S, et al. The azygos vein

pathway: an overview from anatomical variations to patho-

logical changes. Insights Imaging. 2014;5:619–628.

38. Ohta H, Hachiya T. A case of inferior vena cava thrombosis

and pulmonary embolism secondary to acute exacerbation of

chronic pancreatitis: a rare finding in radionuclide venog-

raphy. Ann Nucl Med. 2002;16:147–149.

39. Torres VE, Rastogi S, King BF, et al. Hepatic venous outflow

obstruction in autosomal dominant polycystic kidney dis-

ease. J Am Soc Nephrol. 1994;5:1186–1192.
Kidney International Reports (2021) 6, 168–178

http://refhub.elsevier.com/S2468-0249(20)31697-1/sref8
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref8
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref8
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref9
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref9
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref9
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref9
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref10
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref10
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref10
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref10
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref11
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref11
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref11
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref12
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref12
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref12
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref13
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref13
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref13
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref14
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref14
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref14
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref14
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref15
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref15
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref15
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref16
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref16
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref16
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref16
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref17
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref17
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref17
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref18
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref18
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref18
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref18
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref18
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref19
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref19
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref19
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref20
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref20
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref20
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref20
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref21
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref21
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref21
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref21
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref22
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref22
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref22
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref23
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref23
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref23
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref24
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref24
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref24
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref24
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref25
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref25
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref25
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref26
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref26
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref27
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref27
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref27
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref27
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref28
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref28
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref28
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref28
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref29
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref29
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref29
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref29
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref30
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref30
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref30
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref31
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref31
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref31
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref31
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref32
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref32
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref32
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref32
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref33
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref33
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref33
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref33
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref34
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref34
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref34
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref34
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref35
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref35
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref35
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref36
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref36
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref36
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref37
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref37
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref37
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref38
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref38
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref38
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref38
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref39
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref39
http://refhub.elsevier.com/S2468-0249(20)31697-1/sref39

	Prevalence of Inferior Vena Cava Compression in ADPKD
	Methods
	Study Population
	Imaging Protocol
	Image Analysis
	Clinical Data
	Statistical Analysis

	Results
	IVC Compression
	IVC Compression by Hepatic Cysts
	IVC Compression by Renal Cysts
	Pregnancy, Parity, and Hormone Replacement Therapy
	Clinical Events Related to IVC Compression

	Discussion
	Disclosure
	Acknowledgments
	Supplementary Material
	References


