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Abstract

OBJECTIVE.—The purpose of this study was to assess the accuracy of portal vein pulsatility for
noninvasive diagnosis of high-risk nonalcoholic fatty liver disease (NAFLD).

MATERIALS AND METHODS.—This retrospective study included patients with biopsy-proven
diagnosis of NAFLD who underwent duplex Doppler ultrasound assessment of the main portal
vein within 1 year of liver biopsy (January 2014 to February 2018). Doppler ultrasound images
were reviewed. The spectral waveform was used to measure the maximum (V/;,5,) and minimum
(Vimin) velocity of blood in the portal veins. Venous pulsatility index (VPI) defined as (V2 —
Vimin | Vimax Was calculated. ROC curve analysis was used to calculate AUC as a measure of
accuracy to determine the value of this index for diagnosis of high-risk NAFLD and compared
with that of the following four clinical decision aids: NAFLD fibrosis score (FS), fibrosis-4 index
(FIB-4), BARD score (body mass index, aspartate aminotransferase [AST]-to-alanine
aminotransferase ratio, diabetes mellitus), and AST-to-platelet ratio index (APRI). The value of
adding VPI to these indexes was also investigated.

RESULTS.—Of 123 study subjects, 33 (26.8%) had high-risk NAFLD and were found to have a
lower VPI than the other 90 subjects (0.19 vs 0.32; p< 0.001). VPI, NAFLD FS, FIB-4, and APRI
had statistically significant diagnostic values for high-risk NAFLD. VPI had the highest optimism-
corrected AUC (VPI, 0.84 [95% Cl, 0.77-0.91]; NAFLD FS, 0.74 [95% Cl, 0.63-0.83]; FIB-4,
0.81 [95% CI, 0.72-0.89]; APRI, 0.73 [95% CI, 0.61-0.82]). Addition of VVPI to any of the four
scoring systems significantly improved the diagnostic value of the score for high-risk NAFLD.

CONCLUSION.—VPI may be an accurate noninvasive biomarker for diagnosis of high-risk
NAFLD.
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Based on a presentation at the Radiological Society of North America 2018 annual meeting, Chicago, IL.
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Nonalcoholic fatty liver disease (NAFLD), which is characterized by liver parenchymal fat
deposition (hepatic steatosis) in the absence of excessive alcohol consumption, is the most
common liver disease in the world and is often asymptomatic [1]. NAFLD affects

approximately one-third of adults in the United States and has been found to be associated
with other components of metabolic syndrome, such as obesity, dyslipidemia, and diabetes

[2].

Among all of the pathologic features evaluated in patients with NAFLD, liver fibrosis is the
best predictor of outcome [3, 4]. NAFLD can be categorized into the following five fibrosis
stages based on the system developed by the Nonalcoholic Steatohepatitis Clinical Research
Network (NASH CRN) [5]: FO, no fibrosis; F1, portal fibrosis without septa; F2, portal
fibrosis with few septa; F3, bridging septa between central and portal veins; and F4,
cirrhosis [6].

Stage F2 or greater liver fibrosis is associated with a marked increase in long-term liver-
specific and all-cause mortality [3, 7]. For this reason, the term “high-risk NAFLD” has
emerged to describe the condition of these patients. Detection of high-risk NAFLD is critical
in the management of NAFLD, because it defines the patient population most likely to
benefit from interventions and participate in research. Although liver biopsy is the traditional
reference standard for liver fibrosis staging, it is expensive, invasive, and subject to sampling
and interpreter variability [8]. Consequently, numerous noninvasive liver fibrosis staging
tools have been studied, including imaging methods, serum biomarkers, and combined
clinical-laboratory decision aids, such as the NAFLD fibrosis score (FS), fibrosis-4 index
(FIB-4), BARD score (body mass index [BMI; weight in kilograms divided by the square of
height in meters], aspartate aminotransferase [AST]-to-alanine aminotransferase ratio,
diabetes mellitus), and AST to platelet ratio index (APRI) [9, 10]. These tools are widely
used in clinical practice, but limitations remain.

The current study was focused on an ultrasound fibrosis biomarker: portal vein pulsatility,
which is an imaging biomarker measured by duplex Doppler assessment of the portal vein
and quantified as the venous pulsatility index (VPI). VPI is calculated as (Vijax— Vimin) !
Vinax Where V. is the maximum and V/;, is the minimum pulsed-wave Doppler
ultrasound-estimated velocity of blood in the portal vein. Assessment of portal vein
pulsatility is quantitative, noninvasive, and rapid and can be performed with routine
ultrasound scanners that are available at the point of care. Although a few studies have
investigated the distribution of VVPI in patients with NAFLD [11-14], the accuracy of this
method for identifying high-risk NAFLD is not known. Accordingly, we evaluated the value
of VVPI for diagnosing high-risk NAFLD in a sample of patients with biopsy-proven NAFLD
and assessed whether VVPI adds diagnostic value to that of the existing NAFLD FS, FIB-4,
BARD score, and APRI.
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Materials and Methods

Study Population

This single-center retrospective observational study received institutional review board
approval, and the requirement for obtaining written consent was waived. Data management
throughout the study met HIPAA requirements. Electronic medical records were searched to
identify adults who had undergone liver biopsy between January 2014 and February 2018,
had a biopsy-proven diagnosis of NAFLD, and had undergone pulsed-wave Doppler
ultrasound assessment of the main portal vein within 1 year before or after the liver biopsy.
No additional inclusion or exclusion criteria were considered for the study population.

Ultrasound Imaging

Ultrasound studies during the designated period were performed as part of routine clinical
care by licensed medical sonographers using a Logiq E9 (GE Healthcare) ultrasound
scanner. According to the standard protocol, pulsed-wave Doppler ultrasound assessment of
the portal vein in all patients was performed after the patient had fasted for 4 hours. For
imaging, the patient was in a supine position and performed a breath-hold at the end of
normal expiration. Ultrasound imaging data were retrieved through the PACS. A
postdoctoral research fellow blinded to the histopathologic diagnosis retrospectively
reviewed each ultrasound examination and used the spectral waveform images to measure
the maximum (V;,2) and minimum (V/;;,) estimated portal venous velocity. These
measurements were then used to calculate VVPI, defined as (Vipax— Vimin) | Vinax (Fig. 1).

Histopathologic Evaluation

Pathology reports archived in the medical records were reviewed, and information on
fibrosis staging of the liver specimens was extracted. These slides had been reviewed by
several board-certified general pathologists blinded to the VVPI values. For all pathology
assessments, the length of each specimen in millimeters and the number of portal tracts
visualized were recorded. Visualization of a minimum of three portal triads and a minimum
1-cm biopsy sample was considered adequate for histologic examination. Subjects’
conditions were classified as high-risk NAFLD if the biopsy NASH CRN fibrosis stage [5]
was F2 or greater and as low-risk NAFLD otherwise.

Additional Data Collection

Additional clinical data extracted from the patients” medical records included demographics
(age, sex), medical history (history of diabetes), anthropometric and body composition
indexes (weight, height, BMI), and laboratory findings (platelet count and serum levels of
albumin, alanine aminotransferase [ALT], and AST). Using each patient’s demographic,
anthropometric, and laboratory data, we calculated NAFLD FS [15], FIB-4 [16], BARD
score [17], and APRI [18] using the following formulas. NAFLD FS was calculated as
-1.675 + 0.037 x age in years + 0.094 x BMI + 1.13 x impaired fasting glucose or diabetes
(1, present; 0, absent) x AST-to-ALT ratio —0.013 x platelet count in 10%/L x albumin in
g/dL. FIB-4 was calculated as (age in years x AST in U/L) / (platelet count in 109/L x [ALT
in U/L]Y2). BARD score was calculated as AST-to-ALT ratio = 0.8, -2 points; BMI > 28, -1
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point; presence of diabetes, —1 point. APRI was calculated as 100 x (AST / upper normal
limit for AST) / platelet count in 109/L.

Statistical Analysis

Results

Demographic, anthropometric, and laboratory summaries were calculated for the entire
patient cohort. Categoric variables were summarized as frequencies and percentages, and
continuous variables were summarized as mean and SD. Risk scores (NAFLD FS, FIB-4,
BARD, APRI, and VVPI) were summarized by low- versus high-risk NAFLD as median and
25th and 75th percentiles and compared by Wilcoxon test.

A series of logistic regression models were constructed to quantify the relations between the
log-it-transformed low- and high-risk NAFLD values and each predictor and to evaluate the
predictive utility of the risk score in differentiating low- from high-risk NAFLD.
Multivariable logistic regression models were also constructed to determine whether VPI
improves discriminatory ability when used in conjunction with other risk scores. For each
model, we assessed the linearity assumption associated with each risk score by modeling the
risk score as a linear term and modeling it in a flexible manner using restricted cubic splines.
The use of splines did not significantly improve our model fit, as assessed by ANOVA, and
thus we present the more parsimonious model that uses linear terms only. Odds ratios, 95%
Cls, and Wald pwere computed to summarize each model.

Optimism-corrected ROC AUCs and their bootstrapped 95% Cls were computed for each
predictor and model to quantify model discriminatory utility. We acknowledge that we used
the same dataset to develop and evaluate our models [19]. We computed pairwise
comparisons of optimism-corrected AUC values using the bootstrapped distribution of these
corrected AUC values. The average difference and the bootstrapped 95% Cls were defined
as the median and the 2.5 and 97.5 percentiles of the distribution of differences in optimism-
corrected AUC values. The corresponding pwas derived from these Cls by use of the
methods of Altman and Bland [20]. All analyses were performed with R software (version
3.4.3, R Project) and the R regression modeling strategies (rms, R version 5.1-1) and
bootstrap (boot S-Plus, R version 1.3-11) functions [21].

Medical records of 337 patients with liver biopsy evidence of fatty liver were reviewed; 164
of these patients had a history of alcohol consumption. Among the 173 patients with a
diagnosis of NAFLD, 28 did not undergo pulsed-wave Doppler ultrasound assessment of the
main portal vein within 1 year before or after the liver biopsy, and the spectral waveform
images of 22 patients were not technically usable for VVPI calculation. After the exclusions,
123 patients (69 woman, 54 men; age range, 22—78 years; mean age, 50.3 years) were
included in the study. According to the NASH CRN scoring system, 50 (40.7%) patients had
FO disease; 40 (32.5%), F1; 11 (8.9%), F2; 18 (14.6%), F3; and four (3.3%), F4 disease.
Overall, 33 (26.8%) patients were found to have fibrosis stages of F2 and higher and were
classified as having high-risk disease. The other 90 (73.2%) patients had low-risk NAFLD.
Table 1 presents the demographic characteristics and medical history of the subjects, their
anthropometric and body composition indexes, and their laboratory findings.
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The distribution of VPI measurements across different stages of fibrosis is presented in
Figure 2. Risk scores by NAFLD category are presented in Table 2. Median risk scores for
NAFLD FS, FIB-4, BARD score, and APRI tended to be higher among those with high-risk
NAFLD (p< 0.001; BARD, p= 0.053). The median VPI score was significantly lower
among patients in the group with high-risk disease (o < 0.001).

Results from the univariate logistic regression models (Table 3) coincided with the
summaries presented in Table 2. For example, the odds ratios associated with NAFLD FS,
FIB-4, BARD, and APRI were greater than 1, which indicates that each unit increase in risk
score is associated with increased risk of high-risk NAFLD. Similarly, the odds ratio
associated with a 0.1-unit increase in VVP1 was 0.85 (95% ClI, 0.80-0.91) and thus associated
with a 15% reduction in the risk of high-risk NAFLD. Similar patterns were observed when
existing risk scores and VVPI were combined. Interestingly, the effect of VPI on high-risk
NAFLD remained constant (~ 0.85) across models, indicating that this metric may be
characterizing an attribute of high-risk NAFLD not accounted for by the four evaluated risk
scores. Optimism-corrected AUC values associated with each univariate model ranged from
0.61 for BARD (95% Cl, 0.46-0.72) to 0.81 for FIB-4 (95% CI, 0.72-0.89) for clinical risk
models; the corrected AUC for VPI was 0.84 (95% CI, 0.77-0.91). After adding VPI to each
risk score, we observed increases in all optimism-corrected AUC values (e.g., BARD, 0.86;
95% Cl, 0.78-0.92) (Table 3 and Fig. 3).

Differences in the optimism-corrected AUC values between each risk score and VPI and the
incremental effect of VVPI are presented in Table 4. The VPI optimism-corrected AUC value
was significantly greater than the corrected AUC obtained with the BARD scoring system
but not the corrected AUCs obtained with NAFLD FS, APRI, and FIB-4. The addition of
VPI to every clinical risk model resulted in a statistically significant increase in optimism-
corrected AUC. Conversely, when added to VPI, the only risk model that resulted in a
statistically significant increase in corrected AUC was FIB-4.

To evaluate for sensitivity of our findings to the sonography-to-biopsy time interval, we
performed a sensitivity analysis in a subgroup of subjects who underwent duplex Doppler
ultrasound assessment within 6 months of liver biopsy (compared with the 1-year time frame
defined in our inclusion criteria). A total of 93 subjects satisfied this interval restriction, and
of these, 26 were classified as having high-risk NAFLD. Study results in this subset closely
resembled those of the full cohort and are available on request.

Discussion

In the current study, we found that VVPI is lower in patients with higher liver fibrosis stage.
Furthermore, prediction based on VVPI performs at a level similar to that reported for shear-
wave elastography and serum biomarkers in multiple studies [22-25]. Moreover, the
addition of VVPI to all existing clinical prediction models resulted in statistically significant
improvement in their diagnostic performance. This finding suggests that VPI measures a
previously uncaptured sonographic sign of moderate or greater liver fibrosis in patients with
NAFLD.
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We used a 2-year patient inclusion window (1 year after and before liver biopsy) to improve
statistical power. This decision was based on our a priori understanding that liver fibrosis
severity would not be likely to change substantially over this time frame. This assumption is
supported by a systematic review [26] that showed fibrosis progresses by one stage per 14.3
years in patients with NAFLD and by one stage per 7.1 years in patients with NASH. We
confirmed the stability of our findings by performing a sensitivity analysis of a subgroup of
imaging studies performed within 6 months of biopsy. The results were similar, affirming
our confidence in our initial assumption.

Although various sonographic changes in the portal vein, such as reversal of flow or
decrease in antegrade flow volume, have been previously described as possible indicators of
liver disease [27], changes in portal vein pulsatility in these settings was first investigated in
the 1990s [28-30]. Westra et al. [28] suggested that venous congestion of the hepatic
parenchyma within the space confined by the liver capsule results in competition between
inflow from the portal vein and hepatic artery during peak systole, which increases portal
vein pulsatility. In 1995, Wachsberg et al. [29] found that this mechanism is not the sole
contributing one because portal vein pulsatility can increase despite occlusion of hepatic
arterial flow. They suggested that pulsatile portal vein inflow may be affected by
transmission of pulsations from the adjacent inferior vena cava, the location of the sample
volume relative to the inferior vena cava, or other factors that have not yet been determined.

In a comparison of patients with chronic liver disease and healthy subjects, Barakat [31] in
2002 found a significantly lower VPI in patients with chronic liver disease. The value was
lower in patients with Child-Pugh class C disease than in those with Child-Pugh class A
disease. The mechanism Barakat proposed for the observations was that the pathologic
fibrotic changes in the liver decrease transmission of atrial pressure changes through the
hepatic veins.

In 2008, Erdogmus et al. [13] found that V/PI is significantly lower in patients with NAFLD
than in healthy subjects. They attributed this alteration to the decreased compliance of liver
vasculature due to fatty infiltration. Balci et al. [32] also reported similar results from the
study of 105 patients with NAFLD and 35 healthy subjects. Three years later, their findings
were confirmed by Solhjoo et al. [14], who compared the VVPI of 31 patients with NAFLD
with that of 31 healthy individuals. In a more recent study, Balasubramanian et al. [33]
compared the VVPI scores of 90 patients with NAFLD with those of 90 healthy control
subjects and reached the same conclusion as prior investigators did. Results of other studies
suggested that VPI increases in patients with cirrhosis [11, 12] owing to reversed portal
venous flow, increased hepatic venular resistance, and arterioportal shunting caused by
hepatic structural distortion. Further investigation is needed to better characterize the
relations between VP, steatosis, and liver fibrosis. In this regard, our study offers useful
additional insight: our analyses show that VVPI decreases with increasing fibrosis severity in
patients with NAFLD and therefore may be a clinically useful predictor of liver fibrosis
stage F2 or greater in these patients.

Our study had several limitations. First, the retrospective nature of the study may have led to
unrecognized selection bias. Second, a single image reviewer measured VPI, which might
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have limited the generalizability of our findings to other reviewers. In some cases, it is
difficult to precisely determine the best cycle to measure maximum and minimum velocity
on the spectral waveform, and the exact points for measuring these two parameters are not
always clearly defined on the available images. In the study the reviewer selected the highest
and lowest points to determine maximum and minimum velocity, respectively. In clinical
practice, it may be possible to mitigate this limitation by repeating image acquisition in real
time. Third, a single model of ultrasound machine was used to acquire VVPI, which may limit
extrapolation to other ultrasound devices. Fourth, several sonographers acquired the images
as part of routine clinical practice. This might have introduced variability, which could
adversely affect the power of the study to detect associations between VPI and liver fibrosis
stage. Conversely, that several technologists acquired the images suggests that our results
may not depend on individual operator skill or bias. Fifth, histopathologic grading of liver
fibrosis has known limitations in accuracy and variability. We used histopathologic grading
because it continues to be the most widely accepted reference standard.

Our study shows that VPI may be a predictor of high-risk NAFLD and may improve the
prognostic performance of widely used clinical prediction aids used for this purpose.
Because VPI is routinely available at no or minimal cost additional to conventional
diagnostic ultrasound, further investigation of the utility of VVPI for the diagnosis of high-risk
NAFLD is required. With further validation, VVPI may become an important component of
low-cost noninvasive multiparametric high-risk NAFLD diagnosis.
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Fig. 1—.

Cglculation of portal venous pulsatility index (VPI).

A, 47-year-old man with nonalcoholic fatty liver disease (NAFLD) with fibrosis stage of FO.
B-mode sonographic image at level of main portal vein (MPV) with superimposed color
Doppler and spectral Doppler ROIs shows how maximum ( V4, and minimum (V)
velocity are calculated from spectral waveform. Calculated VPI of 0.61 is elevated and
would be unlikely to reflect NAFLD.

B, 59-year-old man with NAFLD with fibrosis stage of F4. Duplex ultrasound image shows
spectral Doppler waveform measured in MPV has minimal temporal variation. Low
calculated VVPI of 0.06 corresponds to high-risk NAFLD.

AJR Am J Roentgenol. Author manuscript; available in PMC 2021 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Baikpour et al.

Page 11
n=40
5 8
© 0.60+ n=50 °
=
ey
‘g’ 0.40- -|— n=11
E T n=18
» T
3 1
2 0.20- il
2 l I l =
0.00 - . : : .
FO F1 F2 F3 F4
Fibrosis Stage
Fig. 2—.

Box plot shows that higher fibrosis stages are associated with lower venous pulsatility index
(\VPI). In particular, VPI in high-risk nonalcoholic fatty liver disease (NAFLD) (= F2)
appears less than VVPI in low-risk NAFLD (FO-F1). Upper and lower limits of whiskers are
defined as highest and lowest values within 1.5 interquartile range of upper (75th percentile)
and lower (25th percentile) limits of box. Circles denote outliers.
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Fig. 3—.

Graph shows ROC curves of univariable models of venous pulsatility index (VPI), fibrosis-4

index (FIB-4), and nonalcoholic fatty liver disease fibrosis score (NAFLD FS) and

multivariable models of VPI + NAFLD FS and VPI + FIB-4 for diagnosis of high-risk

NAFLD.
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