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Abstract

Purpose—To evaluate the performance of diffusion-weighted imaging (DWI) and T2-weighted 

single shot fast spin-echo (SSFSE) imaging of the liver in the detection of hepatocellular 

carcinoma (HCC) in reference to the LI-RADS classification system.

Methods—MR images of 40 patients with 68 LI-RADS grade 3–5 lesions were analyzed. Two 

readers independently reviewed sequences and characterized lesion signal intensity, followed by 

consensus evaluation. CE-MRI served as reference standard. Sensitivities were compared across 

sequences. Lesion-to-liver contrast-to-noise ratios (CNRs) and apparent diffusion coefficients 

(ADCs) were measured and compared using the Wilcoxon signed-rank test across sequences and 

the Mann–Whitney U or Kruskal–Wallis test between LI-RADS categories. Inter-reader variability 

was assessed using Cohen's kappa statistic.

Results—Consensus sensitivities of LI-RADS 3–5 lesions using SSFSE images versus DWI 

were similar (0.53–0.63, p = 0.089), however, the sensitivity with DWI b = 700 was higher (0.63) 

than DWI b = 0 (0.53, p = 0.039). Lesion-to-liver CNRs were larger for all DWI sequences 

compared to SSFSE images (p < 0.001 for all). ADCs of large (>2 cm) LIRADS 3–5 lesions were 

lower than those of small lesions (1.09 ± 0.33 vs. 1.31 ± 0.26, p = 0.02), however lesion ADCs 

were not different from those of adjacent hepatic parenchyma for any LI-RADS lesion.

Conclusions—DWI has a similar sensitivity compared to SSFSE, but intensity on DWI likely 

represents intrinsic T2 signal hyper-intensity rather than restricted diffusion as the ADC values 

were not lower than adjacent parenchyma. Therefore it may not be appropriate to consider hyper-

intensity on high b-value as a separate ancillary criteria to T2 hyper-intensity in LI-RADS.
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1. Introduction

Hepatocellular carcinom a (HCC) is the most common primary liver malignancy and the 

second most common cause of cancer death worldwide [1]. The Liver Imaging Reporting 

and Data System (LI-RADS) was introduced by the ACR in 2011 (updated 2013 and 2014) 

and is designed to standardize radiologic diagnosis of HCC [2,3]. Five major criteria are 

used to assign LI-RADS category: size, arterial phase hyper-enhancement, washout 

appearance, capsule appearance, and threshold growth. There are multiple ancillary features 

that can be used to upgrade LI-RADS category, including mild T2 hyper-intensity and 

hyper-intensity on diffusion-weighted images (DWI).

T2-weighted imaging techniques are sensitive for the detection of focal liver lesions (FLLs), 

and serve as an adjunct to contrast-enhanced magnetic resonance imaging (CE-MRI) for LI-

RADS classification [4]. These sequences are routinely performed using either single shot 

fast spin-echo (SSFSE) techniques or fast spin-echo (FSE) techniques. A breath-hold half-

Fourier single-shot fast spin echo is used for T2-weighted images in order to minimize 

respiratory artifact that corrupts fast spin echo T2-weighted techniques, while maintaining 

high lesion contrast relative to the liver [5,6]. While FSE approaches may have less T2 

blurring and improved contrast, the overall sensitivity for FLLs is similar [7].

DWI has been shown to be effective for detection and characterization of HCC in cirrhotic 

patients [8,9]. DWI sequences are conventionally obtained with multiple diffusion 

sensitivities (b-values). DWI without diffusion sensitizing gradients (b = 0), has 

predominantly T2 contrast with a shorter read-out time than single shot or fast spin echo 

techniques. These b = 0 images can be difficult to interpret due to the significant signal in 

adjacent vessels. Therefore groups have used low b-value images (b = 25–100) to minimize 

signal from adjacent vasculature by attenuating bulk flow in capillaries and small vessels, 

and have shown increased sensitivity in detection of focal liver lesions [10,11]. For lesions 

that have true restricted diffusion, high b-value images should have a higher sensitivity for 

detection compared to low b-value images. This has been well demonstrated for non-

hepatocellular lesions such as metastasis [12–14]. However, this association is less clear 

with HCC, as there is considerable overlap between the apparent diffusion coefficient (ADC) 

in HCC lesions and adjacent hepatic parenchyma [15–18].

Several studies have compared the sensitivity of T2-weighted imaging to DWI for the 

detection of focal liver lesions [11,19–21]. These studies have shown increased sensitivity of 

low b-value DWI for HCC detection when compared to conventional T2-weighted 

sequences, especially in the case of smaller lesions [22]. However, there is no consensus on 

the optimal b-value for detection of HCC in cirrhosis [23]. Moreover, there are no studies 

that compare HCC detection using DWI with multiple b-values to T2-weighted imaging, 

with consensus CE-MRI and the LI-RADS classification system as the standard of 

reference. The purpose of this study was to evaluate HCC lesion conspicuity using both low 
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(b = 0, 50) and high b-value (b = 700) DWI and T2-weighted image series, in relation to the 

LI-RADS classification system.

2. Materials and methods

2.1. Patients

Between January 2014 and June 2014, 90 consecutive patients suspected of having HCC or 

secondary liver malignancies underwent MR imaging at our institution, a Veteran's 

Administration hospital. Forty-five patients had suspicious liver lesions and eligible for 

inclusion. Five patients with proven metastases (n = 1 cholangio-carcinoma, n = 2 peripheral 

neuroendocrine tumors, n = 1 rectal adenocarcinoma and n = 1 colon adenocarcinoma) were 

excluded. Thus, forty patients were included in the analysis. All patients were male with a 

median age of 63 years (IQR 60–67). Thirty-two patients had been previously treated for 

HCC, either with transcatheter arterial chemoembolization, radiofrequency ablation or tumor 

resection. In these patients only untreated lesions separate from previous treatment sites 

were considered for analysis. Eight patients with HCC were treatment-naïve, all of whom 

had cirrhosis due to hepatitis C virus.

2.2. MR imaging techniques

All imaging studies were performed on a 3.0 TMR system (Skyra, Siemens, Erlangen, 

Germany). An 18 channel anterior array was used in combination with a 12 channel 

posterior array. Transverse T2-weighted single shot turbo spin echo (HASTE) images were 

acquired with the following acquisition parameters: effective echo time, 95 ms; flip angle, 

160; matrix size, 320 × 219; field of view, 470 × 400 mm; signal averages, 1; parallel 

imaging factor of 2 with 42 center lines for a total of 219 echos; fat saturation was achieved 

using spectrally adiabatic inversion recovery (SPAIR); slice thickness, 5 mm with a 1 mm 

gap; and 37 slices total using 4 concatenations resulting in four 16 s breath-holds.

DWI was acquired with the following parameters: TR/TE, 1800/55 ms; bandwidth, 2604 Hz; 

matrix size, 128 × 112; field of view, 360 × 315 mm; slice thickness 6 mm with 1.2 mm 

gaps; GRAPPA parallel imaging acceleration factor of 2 utilizing 24 center lines for a total 

of 112 echoes. Three b-values were used, b = 0/50/700 s/mm3, with 2, 2 and 6 signal 

averages for each b-value respectively. A higher number of averages was used for b = 700 

images due to the lower signal-to-noise, and two averages was used for the lower b-values to 

attempt to minimize image misregistration due to motion artifact. Diffusion sensitizing 

gradients were selected so that all three gradients were played simultaneously in order to 

minimize the echo time; by doing so the echo time was reduced from 67 ms to 55 ms. 

Respiratory navigators were used. The majority of acquisitions took less than two minutes to 

acquire depending on respiratory trigger acceptance.

2.3. Standard of reference and consensus evaluation

Lesions identified by consensus using dynamic CE-MRI using Gadavist (Bayer Healthcare, 

Wayne, NJ) served as the standard of reference and for LI-RADS v2014 classification. Each 

study was reviewed for the presence of LI-RADS 3–5 lesions. Lesion size, liver segment, 

and LI-RADS classification were recorded. Of note, T2 signal intensity and DWI 
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characteristics were not included for LI-RADS classification. Hepatobiliary phase imaging 

was also performed using gadoxetate disodium (Eovist, Bayer Healthcare), and lesions that 

were seen only as hypo-intense on the hepatobiliary phase were graded as LI-RADS 3 if <2 

cm and LI-RADS 4 if ≥2 cm. Only lesions ≥1.0 cm in largest diameter were included for 

analysis, and up to four liver lesions per patient were included for analysis to limit clustering 

bias. Nodular lesions adjacent to but separate from previous treatment sites were classified 

according to LI-RADS criteria.

2.4. Qualitative analysis

Analysis of all MR images was performed on a PACS workstation (Intellispace, Philips 

Healthcare). Two abdominal radiologists (with three and ten years experience) 

retrospectively and independently reviewed all images and served as the consensus. The 

observers were blinded to MR imaging reports and clinical history. Observers were provided 

a spreadsheet containing the corresponding CE-MRI image number and liver segment for 

each lesion. For lesion detection with DWI, the observers analyzed images with b values of 

0, 50, and 700 in series. The observers were instructed to score lesions as either hyper-, iso-, 

or hypo-intense relative to the surrounding liver parenchyma. The same scoring system was 

used for T2-weighted images. A consensus read was performed when there was 

disagreement between the two readers.

Each observer independently evaluated the degree of image quality degradation caused by 

respiratory ghost, pulsatile blood flow ghost, and susceptibility artifacts using a four-point 

scale (1 = absent or minimal, 2 = mild, 3 = moderate, 4 = severe). A “severe” score indicated 

that an image was uninterpretable and a “mild” score indicated that the artifact did not affect 

interpretation. Scores of 1 and 2 indicated images of overall excellent and good quality, 

respectively.

2.5. Quantitative lesion analysis

Quantitative analysis was conducted using region of interest (ROI) measurements for all 

lesions identified on T2-weighted images and/or DWI, using OsiriX [24]. Liver lesion signal 

intensity was measured with ROIs drawn to encompass as much of the lesion as possible, 

while leaving 1–2 mm of lesion surrounding the margins. ROI size was identical between T2 

and DWI sequence. Signal intensity in the adjacent hepatic parenchyma was calculated from 

the average of two ROIs, each identical in size to the liver lesion ROI, placed in areas devoid 

of large vessels, focal signal intensity changes, and artifacts. Lesion-to-liver contrast-to-

noise ratios (CNR) were calculated with the equation (SIlesion − SIliver)/SD, where SIlesion 

and SIliver are the respective signal intensities of the liver and lesion and SD is the standard 

deviation of the signal intensities in the adjacent liver [19,21,4]. The quantitative analysis 

was only performed on lesions that were identified as hyper-intense on either the T2-

weighted or on at least one DWI sequence.

ADC measurements were calculated using the two b-values estimator (ADC2) [25,26]:
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where b1, b2, are the b-values used to acquire the signal s1, s2, and ADC is the unknown 

parameter. Signals b1 and b2 corresponded to b = 0 and b = 700. ADC values (mm2/s) of 

lesions and liver parenchyma were calculated from the same ROIs placed for signal intensity 

measurements, in order to limit artifact from misregistration on calculated ADC maps.

2.6. Statistical analysis

For the qualitative analysis, sensitivity was computed as the percentage of suspicious lesions 

that were visibly hyper-intense for each type of sequence when compared to the reference 

standard CE-MRI. For each reader, the Friedman's test was used for overall comparison of 

sensitivity among all four sequences, and the Wilcoxon signed-rank test was used for each 

pairwise comparison. Cohen's Kappa statistic was used to assess inter-reader agreement for 

lesion detection (0–0.2 indicated slight agreement; 0.21–0.4, fair agreement; 0.41–0.6, 

moderate agreement; 0.61–0.8, substantial agreement and 0.81–1.00, almost perfect 

agreement) [27]. For the quantitative analysis, the Kruskal–Wallis or Mann–Whitney U test 

were used when comparing lesion-to-liver CNR and ADC maps across LI-RADS 

classification and lesion size, respectively. All p-values were two sided with p < 0.05 

considered statistically significant.

3. Results

3.1. Lesion detection, inter-reader agreement and image quality

Sixty-eight lesions in 40 patients were reviewed. In total, 19, 38, and 11 LI-RADS 5, 4, and 

3 lesions were included for analysis, respectively.

The overall sensitivity of the T2-weighted image sequence was 0.63 (51/81 lesions) for 

reader 1 and 0.69 (56/81 lesions) for reader 2. Table 1). The overall sensitivities of the DWI 

images ranged from 0.56 (45/81, b = 0) to 0.68 (55/81, b = 700) for reader 1, and from 0.57 

(46/81, b = 0) to 0.75 (61/81, b = 700) for reader 2. For pairwise comparisons of sequence 

sensitivities, the consensus panel detected more lesions with the DWI b = 700 than with b = 

0 sequence (p = 0.039). Analysis of LI-RADS 3–5 lesions alone (n = 68) also showed a 

higher sensitivity with b = 700 compared to b = 0 (p = 0.039) (Figure 2 and 3).

Inter-reader agreement for sensitivity ranged from substantial (κ = 0.65 for DWI b = 0) to 

almost perfect (κ = 0.79 for T2-weighted sequence) across all pair-wise comparisons of 

sequences.

Overall image degradation due to artifact in DWI was rated as absent or minimal in all 40 

cases. Mild respiratory artifact was noted in 18 DWI and 13 T2-weighted image sequences, 

respectively, but no sequence had moderate to severe artifacts.

3.2. Contrast-to-noise and ADC maps

Quantitative analysis of the 49 lesions detected in the T2-weighted and/or DWI sequences 

revealed significantly higher CNR among all DWI sequences compared to the T2-weighted 

image sequence (Figure 1 and 4, Table 2). There was no significant difference in CNR 

between different b-values. Comparison of CNR across LI-RADS categories showed a trend 
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of increased CNR with higher LI-RADS classification in all DWI sequences, reaching 

statistical significance with b = 0 (p = 0.027).

ADCs were not significantly different from the ADCs of surrounding liver parenchyma (p = 

0.67 and 0.69, respectively) (Table 3). However, when lesions were stratified by size (<2 cm 

or ≥2 cm), larger lesions had lower ADC values compared to smaller lesions (p = 0.02). 

Smaller lesions had higher ADC values than the surrounding liver parenchyma (p = 0.045).

Of the lesions that were not detected on any one of the four sequences, 7 were LI-RADS 3 

lesions, 12 were LI-RADS 4 lesions, and 1 was a LI-RADS 5 lesion.

4. Discussion

Determination of the presence of mild T2 hyper-intensity or restricted diffusion is important 

in the diagnosis of HCC as both are ancillary features in the LI-RADS algorithm. In our 

study we show that DWI has increased quantitative lesion conspicuity than T2-weighted 

imaging. Clinically, this finding is important because radiologic T-stage is based on the 

number and size of observed LI-RADS 5 lesions, and lesion detection due to high CNR may 

lead to characterization with other sequences. However, the two sequences did not differ in 

terms of qualitative rates of lesion detection. Additionally, neither small nor large HCCs had 

lower ADC values than adjacent parenchyma.

Prior literature has focused on ADC cutoffs between benign (cyst and hemangioma) and 

malignant (HCC and metastasis) lesions, but in clinical evaluation, this difference would be 

determined typically with other imaging findings such as enhancement characteristics [14–

18]. In this way, “restricted” diffusion has been proposed as a way of discriminating between 

cysts and malignant lesions, as an ADC similar to adjacent hepatic parenchyma excludes 

cyst from the diagnosis [14]. In the LI-RADS algorithm, restricted diffusion is defined as 

lesion hyper-intensity on high b-value weighted sequences with an ADC value similar to or 

lower than adjacent parenchyma. In this setting, diffusion weighted imaging is being used to 

suggest a malignant potential of a solid lesion rather than differentiate it from a cyst. We 

demonstrate that although LI-RADS 3–5 lesions frequently demonstrate hyper-intense signal 

on high b-value images, absence of corresponding decrease in ADC values compared to 

adjacent parenchyma suggests that this hyper-intense signal is related to intrinsic T2 hyper-

intensity rather than to true diffusion restriction relative to adjacent parenchyma [28]. 

Therefore if one defines restricted diffusion as hyper-intensity on high b-value image, it 

would be prudent to combine T2 hyper-intensity and restricted diffusion into a single 

ancillary feature as they likely are imaging identical characteristics.

When creating a liver protocol, our results may inform sequence selection. If DWI and T2-

weighted sequences are imaging the same endpoints, it may be possible to omit one 

sequence from the imaging protocol. High b-value images are significantly more time 

intensive to acquire than low b-value images due to the decreased signal-to--noise in the 

acquired data. In the technique that we used, we averaged the b = 700 image 6 times 

whereas we only used two averages for the B = 50 image. Therefore if we were to remove 
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the B = 700 images we could reduce the time of acquisition for our diffusion weighted 

images by 80%.

Likely the physiologic information on DWI sequences is not centered on the changes in 

diffusion, but rather the intrinsic T2 signal intensity of the lesion. One thing to consider 

when comparing single shot T2 techniques to DWI is that the echo planar readout in DWI is 

much shorter. The readout of a single shot fast spin echo may take 400 to 500 ms while in 

DWI the readout lasts 20 to 30 ms. This decreased readout time will decrease T2 blurring 

and may increase contrast for lesions with intermediate T2 signal. We were not able to 

demonstrate this theoretical advantage of DWI over the single shot technique in our data.

There are many limitations in this study. First we had a small number of lesions, which may 

lead to a failure to detect a significant difference in sensitivity between T2-weighted imaging 

and DWI. Additionally we only considered untreated lesions. It has been demonstrated 

previously that after focal therapy, disease recurrence on DWI does correlate with reduced 

ADCs compared to adjacent hepatic parenchyma [29]. Therefore our results should not be 

extrapolated to the post-treatment population. It should also be noted that ADC 

measurements are variable between sites and our results should not be used to create ADC 

cutoffs for disease at other sites [30].

An additional bias in our study is that all of our patients had cirrhosis, predominantly 

secondary to HCV. As the ADC of cirrhotic liver is lower than in the non-cirrhotic 

population, the HCCs imaged may have demonstrated lower ADCs than adjacent hepatic 

parenchyma if they had occurred in non-cirrhotic patients [31,32]. Therefore in the setting of 

non-cirrhotic HBV patients, decreased ADC values may be visualized.

In conclusion, we have shown that DWI has a similar sensitivity for the detection of hepatic 

lesions compared to single shot fast spin echo, but that the signal intensity seen on DWI 

probably represents intrinsic T2 signal hyper-intensity rather than restricted diffusion as the 

ADC values were not lower than the adjacent hepatic parenchyma. Therefore hyper-intensity 

on high b-value images should not be considered a separate ancillary criterion to hyper--

intensity on T2-weighted images in the LI-RADS algorithm.
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Fig. 1. 
Lesion-to-liver contrast-to-noise ratios (CNRs) among T2-weighted and diffusion--weighted 

images for 49 identified LI-RADS 3–5 lesions demonstrating that diffusion weighted 

imaging (DWI) has higher CNR compared to single shot T2-weighted imaging (* p < 0.0001 

for b = 0, b = 50 and b = 700) with error bars representing standard error of the mean.
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Fig. 2. 
68-year-old male with a solitary arterially enhancing 3.0 cm hepatocellular carcinoma in 

segment VIII (A, arrow). 5-min delayed phase image (B, arrow) demonstrates washout 

appearance with associated capsule appearance, confirming LI-RADS 5 classification. The 

corresponding lesion was also seen on (C, arrow) T2 SSFSE images and on all DWI (b = 0 

and 700 shown, D–E, arrows) with corresponding ADC map (F, arrow).
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Fig. 3. 
68-year-old male with acute transaminitis and a prior history of hepatocellular carcinoma 

tumor ablation. (A) DWI b = 50 image shows a 1.3 cm segment V lesion (dotted circle) 

corresponding to a LI-RADS 4 lesion on contrast-enhanced imaging. (B) T2-weighted 

SSFSE images are masked by signal from adjacent hepatic vasculature (white arrow). Note 

the crescent-shaped area of heterogeneous hyper-intensity in (A, white arrowheads) and (B, 

black arrowheads) corresponding to transient hepatic intensity difference on arterial phase 

images.
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Fig. 4. 
60-year-old male with cirrhosis due to Hepatitis C Virus. (A) A 1.1 cm arterially hyper-

enhancing lesion is seen in segment VII (white arrow) with washout appearance and capsule 

appearance on 5-min delayed phase images (B). The corresponding lesion was identified by 

both readers on T2-weighted SSFSE (C) and DWI b = 0, 50, and 700 (D–F, respectively), 

although the higher CNR can be appreciated on DWI.
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Table 1

Detection rates of T2-weighted imaging and diffusion-weighted imaging (DWI) with b-values of 0, 50, and 

700.

Parameter LI-RADS 3–5 lesions (n = 68)

T2w imaging

  Reader 1 0.56 (38/68)

  Reader 2 0.63 (43/68)b

  Consensus 0.59 (40/68)

DWI b = 0

  Reader 1 0.49 (33/68)

  Reader 2 0.49 (33/68)

  Consensus 0.53 (36/68)

DWI b = 50

  Reader 1 0.50 (34/68)

  Reader 2 0.65 (44/68)c

  Consensus 0.57 (39/68)

DWI b = 700

  Reader 1 0.62 (42/68)a

  Reader 2 0.71 (48/68)c

  Consensus 0.63 (43/68)d

DWI with a b-value of 700 had the highest detection rates compared to a b-value of 0.

a
p = 0.002 between b = 0 and b = 700, and p = 0.021 between b = 50 and b = 700.

b
p = 0.031 between T2 and b = 0.

c
p < 0.001 between b = 0 and b = 50, and between b = 0 and b = 700.

d
p = 0.039 between b = 0 and b = 700.
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Table 2

Contrast-to-noise ratios (CNRs) of 49 lesions identified on T2-weighted images and/or diffusion weighted 

imaging (DWI) demonstrating higher CNR using DWI compared to single shot T2 imaging.

Mean lesion-to-liver CNR

T2w imaging DWI b = 0 DWI b = 50 DWI b = 700

HCC (n = 49) 4.64 ± 3.11 6.65 ± 5.01a 6.97 ± 5.27a 7.37 ± 5.96a

  LI-RADS 5 (n = 18) 5.63 ± 3.31 9.01 ± 6.04 8.93 ± 6.78 9.83 ± 8.29

  LI-RADS 4 (n = 27) 3.79 ± 2.86 5.62 ± 3.82 6.24 ± 3.85 6.23 ± 3.56

  LI-RADS 3 (n = 4) 5.97 ± 2.72 2.95 ± 2.64 3.11 ± 2.65 3.96 ± 2.56

a
p < 0.001 between all DWI sequences compared to T2w imaging.
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Table 3

Apparent diffusion coefficient (ADC) values in mm2/s of 49 lesions identified on T2-weighted images and/or 

diffusion weighted imaging (DWI).

Lesion ADC (0–700) ± SD Liver ADC (0–700) ± SD

HCC (n = 49 lesions) 1.22 ± 0.30 1.22 ± 0.21

  LI-RADS 5 (n = 18) 1.21 ± 0.41 1.18 ± 0.25

  LI-RADS 4 (n = 27) 1.21 ± 0.21 1.21 ± 0.19

  LI-RADS 3 (n = 4) 1.35 ± 0.38 1.29 ± 0.19

Lesion size

  ≥2 cm (n = 19) 1.09 ± 0.33a 1.22 ± 0.25

  <2 cm (n = 30) 1.31 ± 0.26b 1.20 ± 0.19b

a
p = 0.02 between lesions <2 cm and ≥2 cm in size.

b
p = 0.045 between lesion ADC and liver ADC in lesions <2 cm in size.
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