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LIST OF ABBREVIATIONS

DWI = Diffusion-Weighted Imaging
MR = Magnetic Resonance

ADC = Apparent Diffusion Coefficient
ROI = Region of Interest

EPI = Echo-planar Imaging

RT = Respiratory Triggering

SNR = Signal-to-noise Ratio

SD = Standard Deviation

HCC = Hepatocellular Carcinoma

FNH = Focal Nodular Hyperplasia
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ABSTRACT

Purpose: To measure apparent diffusion coefficient (ADC) values of liver parenchyma and
focal hepatic lesions (FHL), investigate the utility of ADC for the differential diagnosis of
hepatic findings, and determine the influence of region of interest (ROI) characteristics in the

overall ADC measurements.

Materials and Methods: Ninety-three patients (47 men, 46 women; mean age, 58 years) with
at least one FHL > 10 mm, or parenchyma abnormalities, were retrospectively evaluated.
Reference standard for diagnosis was obtained from histopathologic data, consensus between
imaging methods, follow-up imaging and patient clinical history. A total of 90 lesions were
evaluated: 14 hepatocellular carcinomas (HCC), 18 metastases, 10 focal nodular hyperplasias
(FNH), 4 adenomas, 30 hemangiomas and 14 cysts. Respiratory-Triggered (RT) DWI was
performed using b-values of 50 and 700 s/mm”. ADC was measured in hepatic parenchyma
by placing ROIs in four different segments, and in FHL by using three circular 1 ¢cm?® ROIs
and one ROI encompassing all lesion volume. Data was statistically compared in SPSS
software using the Mann-Whitney and Friedman tests. Wilcoxon test was used to confirm
ROI influence and receiver operating characteristic (ROC) curve was analyzed to evaluate the

utility of ADC for diagnosis of malignancy. P<0.05 was significant.

Results: Mean ADCs (x10°mm?s) were 1.45, 1.28 and 1.25 for normal, cirrhotic and
steatotic liver parenchyma and 1.16, 1.18, 1.30, 1.64, 1.89 and 2.77 for metastases, HCCs,
adenomas, FNHs, hemangiomas and cysts, respectively. Parenchyma ADCs in segment II
were significantly higher than in any other region. ADCs of malignant lesions were

significantly lower than those of benign lesions (p<0.001). Individually, ADCs of Cysts were

5/38



significantly higher than all other lesions except hemangiomas. There was significant overlap
between benign solid lesions and malignant lesions and between HCCs and cirrhotic
parenchyma. The area under the curve for diagnosis of malignancy was 0.939, with sensitivity
of 89.7% and specificity of 90.6%, using a cutoff ADC of 1.43x10° mm?/s. No significant
difference was found between the different ROI sampling methods, but only homogeneous

lesions were studied.

Conclusion: We concluded that (a) quantitative measurements of ADC can be useful in
differentiating normal from pathological liver parenchyma and in the characterization of focal
hepatic lesions, (b) left hepatic lobe is more subject to cardiac motion artifacts, and (c) the

size of ROI does not influence ADC measurements in homogeneous lesions.

Word Count: 382

Keywords: apparent diffusion coefficient; diffusion weighted imaging; focal hepatic lesions;

liver MRI; region of interest
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RESUMO

Objectivo: Medir o coeficiente de difusdo aparente (ADC) do parénquima hepatico e de
lesdes hepaticas focais (LHF), investigar a utilidade do ADC no diagnoéstico diferencial de
lesdes hepaticas e determinar a influéncia das caracteristicas da regido de interesse (ROI) nos

valores de coeficiente obtidos.

Materiais e Métodos: Noventa e trés doentes (47 homens, 46 mulheres; idade média, 58
anos) com pelo menos uma LHF maior ou igual que 10 mm, ou parénquima patologico, foram
retrospectivamente avaliados. Confirmag¢ao diagndstica foi obtida por histopatologia,
concordancia entre métodos de imagem, follow-up e historial do doente. No total, 90 lesdes
foram avaliadas: 14 carcinomas hepatocelulares (CHC), 18 metastases, 10 hiperplasias
nodular focais (HNF), 4 adenomas, 30 hemangiomas e 14 quistos. Foi efectuado estudo
ponderado em difusdo com trigger respiratorio (valores b de 50 e 700 s/mm?). Medigdes de
ADC foram efectuadas no parénquima através de ROIs colocadas em quarto segmentos
hepaticos e, nas LHF, através de trés ROIs de 1 cm” e uma ROI englobando toda a lesdo. O
tratamento estatistico foi efectuado, através do software SPSS, pelos testes Mann-Whitney e
Friedman. O teste Wilcoxon foi utilizado para confirmar a influéncia do ROI e uma curva
ROC foi analisada para avaliar o ADC como ferramenta diagnéstica de malignidade. P<0.05

foi considerado significativo.

Resultados: ADCs médios (<10 °mm?/s) foram 1.45, 1.28 e 1.25 para parénquima normal,
cirrético e esteatotico, e 1.16, 1.18, 1.30, 1.64, 1.89 e 2.77 para metastases, CHCs, adenomas,
HNFs, hemangiomas e quistos, respectivamente. ADCs medidos (x10°mm?%s) no

parénquima do segmento II foram significativamente mais altos do que em qualquer outro
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segmento. Lesdes malignas apresentaram ADCs significativamente mais baixos que lesoes
benignas (p<0.001). Individualmente, os ADCs de quistos foram significativamente maiores
do que os de outras lesdes, exceptuando hemangiomas. Verificou-se uma sobreposi¢ao
significativa entre lesdes solidas benignas e leso+es malignas, e entre CHCs e parénquima
cirrético. A area sobre a curva para diagndstico de malignidade foi 0.939, com um ADC
limiar de 1.43x10° mm?s (sensibilidade de 89.7% e especificidade de 90.6%). Nio foi
encontrada diferenca significativa entre as medi¢des efectuadas com as ROIs de diferentes

tamanhos.

Concluséo: Concluimos que (a) medigdes quantitativas de ADC sdo uteis na distingdo entre
parénquima normal e patologico e na caracterizacdo de LHF, (b) o lobo hepdtico esquerdo ¢
mais susceptivel a artefactos cardiacos, e (c) o tamanho da ROI nao influencia o valor do

ADC calculado.

Palavras: 387

Palavras-Chave: coeficiente de difusdo aparente; difusdo; lesdes hepaticas focais;
ressonancia magnética hepatica; regido de interesse
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INTRODUCTION

Diffusion is a physical process that relies on the internal, thermally driven, random
motion of water molecules, known as Brownian motion (1-3). Within biologic tissues, the
movement of water is not completely random, but rather, is affected by cell organization,
density, microstructure, microcirculation and interaction with tissue compartments (1-4). The
first diffusion-weighted imaging (DWI) sequence, an adaptation of a T2-weighted sequence,
was described by Stejskal and Tanner in 1965 (4). Prior to the development of fast MR
techniques, the only successful clinical application was in cranial examinations (3,5) but, with
the development of echo-planar imaging techniques, they started being used in abdominal
conditions (6,7), especially for the evaluation of organs such as liver, kidney, prostate and
rectum (1-3,5).

The sensitivity of a DWI sequence is characterized by its b-value (s/mm?). When at
least two b-values are used, quantitative analysis can be performed by measuring the apparent
diffusion coefficient (ADC) of tissues. The automated ADC values for all voxels are usually
displayed as a parametric map and regions of interest (ROI) can be drawn within it, providing
a non-invasive indirect quantification of cellularity.

DWI may be performed with different techniques like spin-echo (SE), fast spin-echo
(FSE), gradient-echo (GE), or echo-planar imaging (EPI) (8,9), and the scanning can be
carried out in free breathing, breath-hold or respiratory triggering (RT) (10,11). In clinical
practice, respiratory-triggered EPI with fat suppression is the gold-standard DW-MR
technique (10). Several publications reported the use of DWI for (a) liver lesion detection and
characterization (6,7,10-21), with better results compared with those of T2-weighted imaging

(14,16,18); (b) evaluation of diffuse liver disease, which may imply some difficulties with
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conventional MR imaging (6,15,20,22-24); (¢) predicting the response of malignant tumors to
chemotherapy (25,26) and (d) follow-up after chemotherapy (8) or loco-regional therapy (27).

The major limitations of DWI include the low signal-to-noise ratio (SNR), low spacial
resolution, and the susceptibility to artifacts (mainly distortion, ghosting, and blurring due to
respiratory, cardiac or voluntary movements) associated with EPI (9,10). However, DWI is an
attractive technique because (a) it can add qualitative and quantitative information to
conventional imaging sequences; (b) it is quick and easy to repeat; (c) it is easily incorporated
to existing protocols; (d) it is performed without the use of ionizing radiation or contrast
media injection and (e) provides information about tissue cellularity and the integrity of
cellular membranes (1-3,8). Nowadays, the clinical impact of hepatic DWI is still under some
controversy. The quantitative ADC evaluations are variable and not easily comparable across
studies, and the reproducibility, especially when it comes to ROI number, size and position,
has not been fully investigated (6,12,13,22,24,28).

Hence, the aim of our study was to (a) obtain quantitative ADC measurements of liver
parenchyma and focal hepatic lesions, and determine their contribution to differential
diagnosis; (b) determine a threshold ADC value to differentiate benign from malignant lesions
and (c) determine the influence of the lesion’s ROI size and position in the measured ADC

values.
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MATERIALS AND METHODS

Study Population

During an 8-month period (August 2009 to April 2010), DW-EPI was performed as
part of a routine liver imaging protocol in 194 patients. In 14 patients, no DW images were
available for review and in 14 patients, no focal hepatic lesions and/or parenchyma
abnormalities were found. Of the remaining 166 patients, 73 were excluded because: (a)
motion artifacts were present (n=7), (b) chemotherapy (n=4), thermal ablation (n=6) or
metastasectomy (n=4) had been performed, (c) not enough liver parenchyma was available
due to right hepatectomy (n=3), left hepatectomy (n=2) or multiple lesions infiltrating all
parenchyma (n=10), (d) insufficient data to confirm the nature of the lesions (n=21) and (e) no
focal hepatic lesions > 10 mm were found (n=16). Therefore, our retrospective analysis
included a total of 93 patients (47 men, 46 women, age range: 26-86 years, mean age: 58
years), 12 of which without focal hepatic lesions but with cirrhosis or steatosis, 16 with focal
hepatic lesions and cirrhosis or steatosis and 65 with focal hepatic lesions but without
parenchyma abnormalities. Different types of lesions were coexisting in 9 patients. In patients
with multiple lesions, only the largest lesion was considered and in patients with different
types of lesions only the largest lesion of each type was considered. Therefore, a total of 90
focal hepatic lesions were evaluated.

Histopathological characterization of liver parenchyma or focal lesion was the
reference standard. When unavailable, a surrogate diagnosis was achieved through a
combination of the following criteria: (a) concordance between two or more imaging studies,
(b) stability of the lesion within a minimum follow-up of 6 months and (c) clinical history of

the patient.
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There were 32 malignant tumors (14 hepatocellular carcinomas and 18 metastases).
The primary sites of the metastatic lesions included: colorectal carcinoma (n=12), gastric
carcinoma (n=2), ovarian carcinoma (n=1), endometrial carcinoma (n=1), renal cell
carcinoma (n=1) and neuroendocrine carcinoma (n= 1). Of the 58 benign lesions, 14 were
hepatocellular lesions (10 focal nodular hyperplasias and 4 adenomas) while 44 were of non-

hepatocellular nature (30 hemangiomas and 14 cysts).

MR Imaging

MR imaging was performed on a 1.5-T system (Symphony Class, Siemens, Erlangen,
Germany). The routine MRI protocol included a breath-hold T1-weighted study with in-phase
and out-of-phase sequences (TR, 100 ms; TE, 2.32/5.24 ms; flip angle, 70°; matrix, 256 x
180; slice thickness, 9 mm; intersection gap, 1,8 mm; field of view, 350 x 350 mm) and a
respiratory-triggered T2-weighted FSE sequence (TR/TE, 1800/93 ms; flip angle, 150°; fat
suppression, matrix, 384 x 264; slice thickness, 8 mm; intersection gap, 1,6 mm; field of
view, 360 x 270 mm). A dynamic contrast-enhanced 3D gradient-echo volumetric
interpolated breath-hold examination sequence was performed before and after contrast
enhancement, in the arterial, portal venous, and equilibrium phases and, whenever feasible, in
a hepatocyte-specific phase.

Diffusion-weighted images were acquired using an EPI sequence with fat suppression
(TR/TE, 2300/70 ms; matrix, 204x160; slice thickness, 8 mm; intersection gap, 1,6mm; field
of view, 380 x 380 mm; =~ 2 min acquisition time). The gradient factors (b-values) were 50
and 700 s/mm’. For shortening echo train length, integrated parallel imaging techniques
(iPAT) were used and, for respiratory triggering, PACE (prospective acquisition correction)

was implemented. Data was acquired during the end-expiratory phase.
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ADC maps were calculated automatically from all diffusion weightings on a voxel-by-
voxel basis and three images were generated: b= 50 s/mm’ b= 700 s/mm’ and the

correspondent ADC map.

Image Analysis

The Review of all MR images and previous exams was performed on a PACS
workstation (SIENET Magic, v50, Siemens, 2004) and the review of the patient clinical
history was performed using the internal database of our institution.

For lesion evaluation two procedures were performed: (a) for lesions > 20 mm, four
values were obtained: 3 circular regions of interest (ROIs) with 1 cm? each were placed,
randomly, inside the lesion, i.e. “ROI 17, “ROI 2” and “ROI 3”, and 1 circular ROI was
placed encompassing the most inside volume of lesion as possible, i.e. “ROI Total” (Fig. 1);
(b) for lesions 10 mm to 20 mm, only one “ROI Total” was used. Due to software limitations,
only circular ROIs were drawn. For comparing lesion ADC variations we used the ADC
values of the ROI described before as “ROI Total”. When the lesion was not well visualized
on the ADC map, the T2-weighted image, the contrast enhanced T1-weighted images and the
b50 images served as a roadmap for accurate ROI placement.

For parenchymal evaluation, circular ROIs with a standard size of 1 cm” were placed,
according to Couinaud’s segmentation, in four locations of the liver, away from vascular
structures: segment II, anteriorly; segment IVb, centrally; segment VI, posteriorly and

segment VIII, centrally.

Statistical Analysis
Statistical analysis was performed with SPSS software (version 18, SPSS). The

Kruskal-Wallis test, with multiple comparisons by the Mann-Whitney test, was used to
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calculate the significance of differences in the ADC values of different FHL, liver
parenchyma and the differences between benign and malign lesions. The Friedman test was
used to compare the four different regions of the liver. Optimal ADC threshold values for
lesion discrimination were determined by means of receiver operating characteristic (ROC)
curve analysis, and corresponding sensitivities and specificities were calculated. To assess the
influence of ROI size and position we used the Wilcoxon test, comparing each one of the 1
cm® ROIs with the ROI comprising the total of the lesion, and the Spearman’s correlation
coefficient to compare each one of the 1 cm® ROIs with the mean value of the three.
Bonferroni correction was used for multiple pair-wise comparisons and a p value of <0.05

was considered significant for all analyses.
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RESULTS

Evaluation of hepatic parenchyma

For normal liver parenchyma a mean ADC value of 1.45 x10” mm?®/s was obtained.
Livers with cirrhosis or steatosis were found to have significantly lower mean ADC values

(1.28 x10°mm%*s and 1.25 x10°mm?s, respectively) compared with normal liver

parenchyma (p<0.001), but no significant difference was found between cirrhosis and
steatosis. Mean ADC values obtained from normal, cirrhotic and steatotic livers are

summarized in table 1.

When comparing mean ADC values of four different locations in the liver (Fig. 2), we
found similarities between segments VI and VIII (p=1). However, segment VI revealed
slightly lower ADC values and segment II showed higher ADC values compared to all other
segments (p<0.001). The mean ADC values of the right lobe of the liver, 1.26 x10°mm?s,

were significantly lower than ADC values of left lobe, 1.54 x10”mm?/s (p<0.001).

Evaluation of focal hepatic lesions

No markedly heterogeneous lesions were found in our study population. The mean
ADCs of the several focal lesions (Table 2) was as follows (x10°mm?/s): hepatocellular
carcinoma (HCC), 1.18+0.17; metastases, 1.16+0.25; hepatocellular adenoma, 1.30+0.39;

focal nodular hyperplasia (FNH), 1.64+0.41; hemangioma, 1.89+0.33; cyst, 2.77+0.58.

There was no significant difference between ADC values of HCCs, metastases and
hepatocellular adenomas (p=1). ADC values of FNHs showed no significant difference from

HCC (p=0.281), metastases (p=0.200), adenomas (p=1) or hemangiomas (p=0.440). HCCs
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and metastatic lesions presented significantly lower ADC values compared to hemangiomas
and cysts (p<0.001) and ADC values of cysts were significantly higher when compared to all
other lesions (adenomas and FNHs, p<0.05 and HCCs and metastasis, p<0.001) except
hemangiomas (p=0.178). The box-plots of the ADC values of HCCs, metastases,
hepatocellular adenomas, FNHs, hemangiomas and cysts are depicted in Fig. 3. ADC values
of metastases overlapped strongly with ADC values of HCCs, hepatocellular adenomas and
FNH, and to some extent with ADC values of hemangiomas. ADC values of hemangiomas
also strongly overlapped with FNH and partially overlapped with those of hepatocellular

adenomas and cysts.

Mean ADC value of the 58 benign lesions was 2.02 x10 °mm?/s, while mean ADC
value of the 32 malignant lesions was 1.17 x10 °mm?/s. The mean ADC values of malignant
lesions were significantly lower than those of benign lesions, (p<0.001) (Fig. 4). The ROC
curve analysis (Fig. 5), demonstrated that ADC measurements accurately differentiated
between benign and malignant liver lesions with an area under the curve of 0,939 (95% CI:
0.888 to 0.991), a sensitivity of 89.7% and a specificity of 90.6%, using a cutoff ADC value

of 1.43x107> mm?/s.

Evaluation of region of interest

When comparing the three used methods of ROI placement (Fig. 6), no significant
difference was found (p=0,964) between each ROI of 1 cm® (“ROI1, “ROI2” and “ROI3”),
the average value of those three ROIs and the ROI encompassing the full inside of the lesion
(“ROI Total”), in the overall lesions. When comparing the same sampling methods separately
for each lesion type, also no significant difference was found (HCCs, p=0.463; metastases,

p=0.973; adenomas, p=0.525; FNHs, p=0.861; hemangiomas, p=0.481 and cysts, p=0.525).
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DISCUSSION

In accordance to previous publications (3,6,12,13,15,20,22-24), our findings
demonstrated, with different degrees of overlap, lower ADC values in cirrhotic and steatotic
livers when compared with normal hepatic parenchyma. Despite our overall measurements of
normal and cirrhotic parenchyma being higher than those described by Bruegel et al (15)
(average ADC value of normal parenchyma, 1.45x10°mm?s versus 1.24x10°mm?/s and
cirrhotic parenchyma, 1.28%x10°mm?/s versus 1.04x10 mm?*/s), Taouli and coworkers (12),
reported ADC values for normal parenchyma (with b= 0 and 400 sec/mm?) which are closer
to ours. Moreover, they also reported similar values, although slightly higher, to those
described by Muller et al (6) and Kim et al (13). Girometti et al (24) also reported lower
ADC:s in cirrhotic livers compared with those of healthy controls , Qayyum et al (3) observed
that liver ADC was significantly lower in 63 patients with nonalcoholic fatty liver disease
than in healthy volunteers and Lewin et al (23) suspected a possible influence of steatosis on

ADC values while analyzing inflammation scores.

A suggested explanation is that chronic fatty liver disease can lead to hepatic injury,
fibrosis and cirrhosis, probably related to oxidative stress caused by intracellular
accumulation of triglycerides and fatty acids (29). The cirrhotic condition reveals as restricted
diffusion (3,6), which is probably explained by a multifactorial mechanism related to collagen
deposition (which is proton poor) and decreased blood flow, as shown in some dynamic
contrast-enhanced MRI studies (1-3,29,30). Although DWI can help differentiate between
normal and pathological parenchyma, the strong overlap between ADC values in cirrhosis and
steatosis, as stated before, doesn’t allow the use of DWI as a stand-alone procedure for the

differentiation between these two conditions.
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When comparing the ADC values of different hepatic segments, our findings are
concordant to the study by Bruegel et al (15). By evaluating the same hepatic areas as us
(Table 1), they also reported that liver parenchyma in segment II displayed higher ADC
values than any other segment. Kandpal et al (11) also found significantly higher mean ADC
values in the left lobe of the liver using RT and breath-hold DWI. They placed a circular ROI
on parenchyma areas adjacent to the lesions, avoiding artifacts and vascular areas, and
reported average right lobe ADCs of 1.39 + 0.28 (x10™ mm?/s) and left lobe ADCs of 1.66 +

0.41 (x10” mm?/s), with the RT technique.

The fact that segment II has higher ADC values can be explained by the increase
exposure of this segment to cardiac motion artifacts (31). Such artifacts are more pronounced
at higher b-values and when breath-hold imaging is used, and they can result in artificially
high ADC values over the left hepatic lobe (17). Miirtz et al. (31) tested a pulse triggered
technique in different abdominal organs and observed that ADCs acquired without pulse
triggering were artificially increased by motion influences, particularly in regions close to the
hearth or diaphragm. In fact, the use of cardiac triggering is a possible solution to the problem
but, unlike respiratory triggering, it significantly increases image acquisition time (11). It has
also been suggested that multiple averages can increase the probability of data acquisition in
the diastolic phase and thus minimize cardiac motion-related signal loss but at the cost of a
longer acquisition time (17).

ADC values of different FHL from different reports are shown in table 3. We chose to
compare studies using RT sequences in order to minimize differences, since it is reported that
ADC measurements obtained from the RT technique cannot be directly compared to those
obtained with other techniques (i.e., free-breathing or breath-hold) (32). Plus, RT DW-EPI

was found to show overall better image quality and higher lesion-to-liver contrast ratio and
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was superior in ADC quantification and signal-to-noise ratio when compared with free-
breathing and breath-hold techniques (10,11).

Low ADC values mean restricted diffusion (highly cellular tissues), while high ADC
values signify free diffusion (tissues with low cellularity)(1-3). Unsurprisingly, cysts
exhibited the highest ADC values because of their fluid content (Fig. 7), whereas highly
cellular tumoral tissues like HCCs and metastases showed the lowest ADC values. Since HCC
ADC:s strongly overlapped with those of cirrhotic parenchyma, these lesions may be difficult
to differentiate from surrounding cirrhosis or dysplastic nodules. Still, Zech et al (33) reported
higher sensitivity for DWI compared to conventional MRI in detecting HCCs in cirrhotic
liver. On the other hand, benign lesions had an overall intermediate ADC which overlaps with
those of normal liver parenchyma but, despite this, they were significantly different when

compared with other solid hepatic lesions, particularly HCCs.

In conformity with former studies, no overlap was found between the ADCs of cysts
and solid lesions and all simple cysts had higher ADC values than the mean ADC value of
hemangiomas. Although metastases showed significantly lower mean ADC values than
benign lesions, there was a strong overlap with benign hepatocellular FHL and partial overlap
with hemangiomas. The overlap with hemangiomas is of particular clinical interest since
necrotic metastases may be strongly hyperintense (17,26,34), and hemangiomas may
hyalinize and show decreased signal intensity on T2-weighted images (35) or may
demonstrate atypical contrast enhancement patterns, similar to those of hypervascular

metastases (15).

Differentiating benign from malignant hepatic lesions is a frequent diagnostic problem
at MR imaging (12). Previous publications reported the ability of DWI in differentiating
malignant from benign lesions by measuring ADC (7,10-16,20,21). All studies reported lower

ADC values in malignant lesions when compared with benign ones, with different degrees of
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overlap (table 3). However, different b-values were used and different lesion sizes were
considered, impairing the comparison of results. We achieved a cutoff ADC value of 1.43
x10° mm?s for differentiation, close to that proposed by Gourtsoyianni et al (20) and
Holzapfel et al (21). We believe that our sensitivity and specificity values are slightly lower
than those of Gourtsoyianni et al (20) and Taouli et al (10) mainly because these authors
analyzed a lower number of lesions with intermediate ADC (i.e. hepatocellular adenomas and
FNHs): the latter study considered only one FNH while the former evaluated none. It is
known that FNH and adenomas, being hypercellular lesions, are expected to present low ADC
values (10,20) and so, we believe that the potential of ADC for lesion characterization was

overestimated in both their studies due to the small number of benign solid lesions included.

All studies in literature show large discrepancies regarding ADC values in the
abdomen. For example, compiled data until 2008 (15) reported mean ADCs for normal
hepatic parenchyma ranging from 0.69 to 2.28 x10mm?*/s. Those equivocal results can be
due to differences in MR scanners and to the lack of a standardized DWI protocol regarding

the optimum imaging acquisition parameters (11,16).

Besides those technical limitations, it is documented that the different size and type of
lesions considered (15) and the different characteristics of the chosen ROIs had substantial
influence on the resulting ADCs. ROIs are drawn on the basis of personal visual ability (28)
and the different areas where the ROIs are placed are important. A more centrally placed ROI
(i.e., located further from the receiver coils) is exposed to more noise contamination (15) and
it has been suggested that low SNR can lead to underestimated ADC values (36). Recent
publications (28,37) reported that it remains unclear whether ADC evaluation should include
the entire lesion volume or a representative lesion section, and whether the representative

lesion section is sufficient to fully characterize it.
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From our data we conclude that no difference was found between using one ROI of 1
cm’ or using a ROI that encompasses all lesion volume. However, in our study population no
markedly heterogeneous lesions were found. It has been reported that metastases with
necrotic areas can show areas with higher ADC values (34) and hyalinized hemangiomas can
show areas with lower ADC value (35), so it is easily understandable that some unusual
findings are lacking in our data. Although our results cannot be generalized, we suggest that,
in homogenous lesions, a circular supra-centimetric ROI can provide accurate ADC
measurements. However, as stated before, ROI placement is debatable, not objective and
subject to considerable variation. As an example, both Colagrande et al (28) and Goh et al
(37) reported the influence of ROI size and position (in the ADC value and in the estimated
tumor perfusion, respectively). The first author studied normal hepatic parenchyma with

DWI, while the second analyzed colorectal carcinoma using computed tomography.

Our study had several limitations. The first major limitation was the low number of
lesions and the lack of correlative histopathological data in most cases. More intermediate
lesions, i.e. adenomas and FNHs, could theoretically have lowered our accuracy in
characterizing FHL since those lesions show intermediate ADC value that can overlap with
normal liver parenchyma and malignant lesions. Future studies with a larger number of
patients are needed and those should understand that very high ADC values seen in cysts
(commonly found) can falsely increase DWI’s ability to differentiate between benign and
malignant lesions. Second, we have to consider two potential sources of selection bias. The
fact that we excluded infra-centimetric lesions that usually present slightly lower ADC values
than other lesions (15,21), and the fact that, in patients with multiple FHL, only the largest
lesions were analyzed. Third, despite the fact that most of the lesions are round-shaped, our

study should have included the freehand tool for drawing a ROI since it is currently used in
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the clinical setting. Forth, as stated before, no markedly heterogeneous legions were present in

our study population.

In conclusion, quantitative ADC values of hepatic parenchyma and focal hepatic
lesions can yield information about parenchymal and lesional characterization, in this latter
case useful for the differential diagnosis between malignant and benign lesions. There is a
significant diffusion restriction in cirrhosis and steatosis, and significantly lower ADC values
in malignant lesions when compared with benign ones. However, as there is overlap between
different types of lesions, DWI should not be considered as a stand-alone procedure,
especially in the assessment of solid benign lesions that may exhibit restricted diffusion
mimicking malignant lesions. A lesion ROI above 1 cm® can provide accurate ADC values
measured in supra-centimetric homogenous lesions. Other lesions should be studied and
future cutoffs for lesion characterization should be obtained, using a standardized DWI

protocol to overcome differences between studies.
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Fig. 1 Lesion sampling method. (@) ADC map of an 57-year-old women with an hemangioma
(arrow), more intense than the surrounding parenchyma, measuring approximately 28 mm.
(b-d) Three circular ROIs, measuring 1 cm? each, were placed randomly in different areas of
the lesion (“ROI1”, “ROI2” and “ROI3”) and (e) one circular ROI, largest enough to

encompass all area of the lesion, was placed inside the lesion (“ROI Total”).
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Fig. 2 Box plots showing parenchyma ADC values of four different segments of the liver.
Boxes stretch from lower quartile to upper quartile (25th to 75th percentile); median is shown
as a line across each bar; whiskers show sample minimum and maximum; O denotes
outliners. ADC values of all segments overlap between each other. Segment Il shows the
highest ADC values and, globally, ADC values of the left lobe of the liver (segment II and

segment [Vb) are higher than those of the right lobe (segment VI and segment VIII).
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Fig. 3 Box plots showing the ADC values of 90 focal hepatic lesions. ADC values of HCCs
overlapped with ADC values of metastases, adenomas, FNHs and hemangiomas. ADC values

of hemangiomas also overlapped with ADC values of adenomas, FNHs and cysts.
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Fig. 4 Box plots showing ADC values calculated for 32 malignant and 58 benign focal
hepatic lesions. Despite some overlap between malignant and benign focal hepatic lesions,
differences in ADC values were statistically significant. Generally, benign lesions showed

higher ADCs than malignant ones.
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Fig. 5 Receiver operating characteristic (ROC) curve used for differentiation between
malignant and benign lesions based on ADC values. The area under the curve (AUC) is 0.939.
Using a threshold value of 1.43x10° mm?%s it is possible to differentiate benign from

malignant lesions with a sensitivity of 89.7% and a specificity of 90.6%.

31/38



@ ROl Total / RO
404 O ROl Total i ROI 2
e @ QO ROl Total /ROI 3

3,0 5

ADC value using "RCI Total"
O
D@ o

204
_»
o ¥

L fu2)
1,0

fan ]

ADC value using "ROI 1", "ROI 2" and "ROI 3"
D'U | | ] |

0,0 1,0 20 3,0 4,0

Fig. 6 Scatter plot showing correlation of ADC values obtained using standard circular 1 cm®
regions of interest (“ROI 17, “ROI 2” and “ROI 3”) and one circular ROI encompassing the
largest possible area inside the lesion (“ROI Total”). There is a strong significant correlation

between data. ADC values are expressed in x10™ mm?s.
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Fig. 7 66-year-old male patient with two hepatic cysts (arrows) confirmed by concordant

imaging findings. (a) Diffusion-weighted image, using b-value= 50 s/mm? showing two
markedly high intense lesions, in the right and left liver lobes. (b) At b-value= 700 s/mm? the
lesion keeps high signal when compared with hepatic parenchyma, but decays in signal
intensity when compared with b = 50 s/mm” (typical finding in low cellular lesions) which
translates into an intense signal on the ADC map (C), demonstrating unimpeded diffusion.

Mean ADC of largest cyst, located in the left lobe, 3.11 x10 mm?s.
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Table 1 ADC measured in four different liver segments

ADC (x 10 mm?/s) *

Normal Liver Parenchyma

Segment II, anterior 1.83 +£0.29
Segment IVb, central 1.39+£0.20
Segment VI, posterior 1.27 £0.15
Segment VIII, central 1.29+0.18
Mean value of four segments 1.45+0.16
Cirrhotic Liver Parenchyma
Segment II, anterior 1.52+0.21
Segment IVb, central 1.20+£0.14
Segment VI, posterior 1.18+0.14
Segment VIII, central 1.21 £0.16
Mean value of four segments 1.28+£0.12
Steatotic Liver Parenchyma
Segment II, anterior 1.57+0.17
Segment IVb, central 1.25+0.18
Segment VI, posterior 1.09 +0.08
Segment VIII, central 1.10+0.15
Mean value of four segments 1.25+0.13

* ADC is presented as mean value + standard deviation.
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Table 2 Size and apparent diffusion coefficient (ADC) of 90 focal hepatic lesions

size (mm) ADC (x 10 mm?s)
mean range mean + SD 95% ClI
HCC (n=14) 56,9 [15-135] 1,18 0,17 1,08 - 1,28
Metastases (n=18) 39,8 [12-114] 1,16 0,25 1,03 - 1,28
Adenomas (n=4) 28,2 [12-59] 1,30+ 0,39 0,68 — 1,92
FNH (n=10) 39,0 [16-80] 1,65+0,41 1,34 -1,94
Hemangiomas (n=30) 31,0 [11-85] 1,89 +£ 0,33 1,77 - 2,01
Cysts (n=14) 23,1 [10-51] 2,77 + 0,58 2,44 -3,11
Benign (n=58) 2,02+0,61 1,86 —2,18
Malignant (n=32) 1,17 £0,22 1,09 - 1,25

HCC, hepatocellular carcinoma; FNH, focal nodular hyperplasia; ADC, apparent diffusion

coefficient; SD, standard deviation; CI, confidence interval
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Table 3 Reported ADC values of Normal Liver Parenchyma and Focal Hepatic Lesions, and ADC Cutoffs with Sensitivity and Specificity for

differentiation of malignant and benign lesions, in selected studies using diverse Respiratory Triggered DWI protocols.

Bruegel etal Gourtsoyianni et al Kandpal et al Holzapfel et al Taouli et al our study
(15) (20) (11 1) (10)
b-values (s/mm?) 50, 300, 600 0, 50, 500, 1000 0, 500 50, 300, 600 0, 50, 500 50, 700
n n n n n n

Hepatic Parenchyma 1.24+£0.15 - 1257 1.52% - - 1.00 +0.27 1.45+0.16 -
HCCs 1.05+£0.09 11 1.38 2 1.27+£042 12 1.12+0.28 17 - 7 1.18+0.17 14
Metastases 1.22+£0.31 82 0.99 13 1.13+£0.41 38 1.08+0.32 76 - 4 116+£0.25 18
Adenomas - - - - - 9 - 1.30+£0.39 4
FNH 1.40+0.15 4 - 2.15+0.18 3 1434022 6 - 1 1.65+041 10
Hemangiomas 1.92+0.34 56 1.90 7 236+0.48 11 1.69+0.34 18 - 8 189+0.33 30
Cysts 3.02+0.31 51 2.55 15 290+0.51 11 2.61+0.57 71 -9 277058 14
Benign Lesions - - 2.55 22 - - 236+0.62 104  239+044 18 2.02+0.61 32
Malign Lesions - - 1.04 15 - - 1.09£0.30 93 1.16+0.33 11 1.17+0.22 58
Cutoff * 1.63 1.47 1.41 1.50 1.43
Sensitivity (%) 90 100 90.8 100 89.7
Specificity (%) 86 100 89.9 100 90.6
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Values are presented as ADC + Standard Deviation (x 10 mm?s). Bruegel et al analyzed
204 lesions, 77 of which have less than 10 mm (38%) and reported that 88% of lesions could be
correctly characterize with an ADC threshold of 1.63 x 10° mm?s. Gourtsoyianni et al and
Kandpal et al didn’t inform about the minimum size of lesions considered. Holzapfel et al
only studied lesions < 10 mm. Taouli et al considered lesions ranging from 7 mm to 90 mm.
ADC, apparent diffusion coefficient; SD, standard deviation; n, number of occurrences; FNH,

focal nodular hyperplasia; HCC, hepatocellular carcinoma.

* ADC cutoff for diagnosis of malignant hepatic lesions: Lesions with ADC below the
proposed cutoff value are considered malignant, while those with ADC above are considered

benign.

T This ADC value is referent only to 13 patients without FHL. Gourtsoyianni et al found no
significant difference between the hepatic parenchyma of the ones with FHLs and the ones

without FHLs.

1 This ADC value was not presented in Kandpal et al study. It was calculated by us as an

average of the right and left hepatic lobes, for comparative purpose.

§ In Holzapfel et al article, the ADC values for FNH and adenomas are presented together.
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