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Abstract
PURPOSE—To develop a quantitative multi-parametric PROPELLER (periodically rotated
overlapping parallel lines with enhanced reconstruction) MRI approach and its application in a
diethylnitrosamine (DEN) chemically-induced rodent model of hepatocarcinogensis for lesion
characterization.

MATERIALS AND METHODS—In nine rabbits with 33 cirrhosis-associated hepatic nodules
including regenerative nodule (RN), dysplastic nodule (DN), hepatocellular carcinoma (HCC) and
cyst, multi-parametric PROPELLER MRI (diffusion-weighted, T2/M0 (proton density) mapping
and T1-weighted) were performed. Apparent diffusion coefficient (ADC) maps, T2 and M0 maps
of each tumor were generated. We compared ADC, T2 and M0 measurements for each type of
hepatic nodule, confirmed at histopathology.

RESULTS—PROPELLER images and resultant parametric maps were inherently co-registered
without image distortion or motion artifacts. All types of hepatic nodules demonstrated complex
imaging characteristics within conventional T1- and T2-weighted images. Quantitatively, cysts
were distinguished from RN, DN and HCC with significantly higher ADC and T2; however, there
was no significant difference of ADC and T2 between HCC, DN and RN. Mean tumor M0 values
of HCC were significantly higher than those of DN, RN and cysts.

CONCLUSION—This study exploited quantitative PROPELLER MRI and multi-dimensional
analysis approaches in an attempt to differentiate hepatic nodules in the DEN rodent model of
hepatocarcinogensis. This method offers great potential for parallel parameterization during non-
invasive interrogation of hepatic tissue properties.
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INTRODUCTION
The development of hepatocellular carcinoma (HCC) involves a multi-step carcinogenesis
process with varying degrees of cellular and structural atypia beginning with a benign
regenerative nodule (RN), progressing to a premalignant dysplastic nodule (DN) and finally
overt HCC (1–4). While biopsy serves as the conclusive gold-standard for liver lesion
characterization, imaging evaluation of these cirrhosis-associated hepatocellular nodules
remains critically important for optimal patient management. Following the diagnosis and
treatment of HCC, accurate assessment of therapy response is equally critical to permit
timely adjustments to selected therapeutic regimens. HCC size measurements are most
commonly used to assess therapy response (5,6). However, a noncompliant cirrhotic liver
may limit changes in HCC size (7,8) and treated HCC may be replaced by necrosis or
hemorrhage. As a result, lesion size may initially remain unchanged or even increase early
after response to therapy. These confounding factors, common to both HCC and a wide
range of alternative liver tumor etiologies, have led to the development of quantitative,
functional imaging methods for lesion staging and assessment of therapy response (9–13).

Compared to ultrasound and CT, MRI provides superior soft tissue contrast for assessment
of cirrhotic nodules. However, there remains considerable overlap and variability of imaging
characteristics when attempting to use conventional T1- or T2-weighted MRI to characterize
hepatic nodules within a cirrhotic background (4,14,15). Contrast enhanced (CE)-MRI is
currently an accepted clinical standard for detection and characterization of HCC based on
intra-nodular blood supply (3,4). However, precise timing is critical during CE-MRI to
acquire arterial and portal phase images and different lesion stages may continue to exhibit
similar enhancement patterns.

Recently, diffusion-weighted MRI (DWI) has been used for both the detection of liver
tumors (16–18) and characterization of different types of focal hepatic lesions (19–21).
Benign liver lesions including cysts and hemangiomas demonstrate increased apparent
diffusion coefficient (ADC) values compared to malignant lesions including HCC and
metastases (19–21). Quantitative DWI measurements (22) and combined multi-parametric
(ADC + T2 + proton density) MRI measurements (23–25) have demonstrated the potential
to differentiate intratumoral tissue types as well as characterize therapy response.

Multi-parametric measurements (ADC + T2 + proton density) recently permitted multi-
dimensional analyses to improve tissue classification accuracy in a subcutaneous xenograft
murine tumor model (23,24). These methods might also be effective for lesion
characterization during hepatocarcinogensis or the detection of HCC therapy response.
However, during previous multi-parametric tumor imaging studies, tumors were located
within flank or hind-limb tissues with limited motion. Abdominal motion artifacts and mis-
registration of the parametric maps could lead to significant challenges during quantitative
multi-parametric imaging of the liver.

Single-shot techniques such as half-Fourier acquisition single-shot turbo spin-echo
(HASTE) and echo-planar imaging (EPI) have been used for DWI and T2 mapping of the
abdomen due to their relative insensitivity to motion artifacts with fast image acquisition
(26–28). However, magnetization transfer effects and T2-filtering commonly lead to image
blurring for HASTE sequences; and EPI suffers from limited spatial resolution and off-
resonance distortion (29,30). These limitations can significantly degrade image quality
leading to unreliable quantitative measurements. Multi-shot TSE imaging is less sensitive to
susceptibility artifacts and offers the potential for improved spatial resolution. However,
multi-shot 2DFT-TSE techniques are more sensitive to motion artifacts. Recently developed
multi-shot TSE-based PROPELLER (periodically rotated overlapping parallel lines with
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enhanced reconstruction) MRI techniques are less sensitive to motion artifacts due to
intrinsic properties of segmental phase correction and oversampling of central k-space (31).
Importantly, PROPELLER-based sequences can be modified to provide both high quality
DWI (32–34) and T2-mapping of the abdomen (35) with reduced sensitivity to motion
artifacts and geometric distortion. A combined DWI and T2-mapping PROPELLER
approach may offer the potential for precise intra-abdominal multi-parametric measurements
during hepatocarcinogensis staging or assessment of therapy response.

The purpose of this study was to develop a quantitative multi-parametric PROPELLER MRI
approach and demonstrate the application of these methods in a widely used
diethylnitrosamine chemically-induced rodent model of hepatocarcinogensis.

MATERIALS AND METHODS
Animal Model

All experiments were approved by our institutional animal care and use committee (IACUC)
and were performed in accordance with institutional guidelines. In 9 Wister rats, oral gavage
was performed daily using an 18 gauge gavage needle with 5mL/kg dose 0.3%
diethylnitrosamine solution (DEN ISOPAC®, Sigma Chemical Co., USA) for 12 weeks.
DEN is a carcinogen primarily targeting the liver in rats. DEN induces various benign and
malignant liver lesions in rats with a high success rate and a low mortality rate. Daily gavage
administration hastened tumor formation.

MRI Measurements
All MRI studies were performed using a 1.5T Magnetom Espree clinical scanner (Siemens
Medical Solutions, Erlangen, Germany). Rats (350g – 500g) were anesthetized with
Ketamine (120 – 200 mg/kg) and Xylazine (4–6mg/kg). The abdomen of each rat was fixed
with adhesive tape to restrict respiratory movement. The sedated rats were placed within a
plastic restraining tube (diameter =10cm) during imaging procedures and a pair of carotid
surface coils were used for signal reception.

Following initial localization, multi-parametric PROPELLER imaging was performed at
identical contiguous axial slice positions covering the entire liver volume (3mm slice
thickness). Common parameters for multi-parametric PROPELLER imaging included: FOV
= 120×120 mm2, matrix = 192×192, spatial resolution = 0.6×0.6×3.0 mm3, BW= 400 Hz/
pixel, multi-slice acquisition during free breathing. For the DW component of the multi-
parametric scans, motion probing gradients were applied to provide diffusion weightings of
b = 0, 500 and 1000 s/mm2 with TR/TE = 4950/69 ms, echo train length (ETL) = 15, 168
blade segments (21×8, i.e. blade coverage in k-space was 800%), number of slices = 24. The
scan time was ~14 minutes for each stack of DW images at each b-value. For the T2-
mapping component of the multi-parametric scans, the PROPELLER sequence was
modified such that each phase encoding line within each blade segment was sequentially
acquired at each echo position along the echo train. These phase encoding lines at each echo
position were then re-ordered to reconstruct images at each representative TE (35). The slice
thickness ratio between refocusing and excitation RF pulses was adjusted to 3:1 to reduce
stimulated echo effects. Specific imaging parameters for T2-mapping component were: TR
= 4000 ms, TEi = i × echo spacing (i =1, 2,…,ETL), ETL = 25, echo spacing (ES) =8 ms, 13
blade segments, excitation slice thickness = 3mm, number of slices = 12, slice gap = 100%.
Two separate acquisitions with interleaved slice positions were performed to cover all slices.
The scan time for T2 mapping was 25 minutes for each stack of slices. Finally, an additional
set of T1W PROPELLER images was acquired at all slice positions with TR/TE = 200 / 8
ms, ETL = 9, 170 segments, number of slices = 24.
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Histopathologic Evaluation
Each rat was euthanized with intravenous injection of Euthasol at a dose of 150 mg/kg and
bilateral thoracotomy. Rat livers were fixed in 10% buffered formaldehyde solution and
sliced at 3 mm intervals in the axial plane to correspond to the plane of MR images as
closely as possible. Those liver slices with tumor nodules were embedded in paraffin for
histological evaluation. These nodules were sectioned into 4μm slices and stained using
hematoxylin and eosin (H&E). H&E cell staining and cell morphology were characterized
by an attending surgical pathologist with specialization in gastrointestinal oncology (>10
years experience). Using the diagnostic criteria from the International Working Party's
“Terminology of Nodular Hepatocellular Lesions” (2), nodules were classified as cyst, RN,
DN or HCC. H&E slides were digitized with optical magnification (×400) using a
multispectral imaging system (Nuance, CRI, Woburn, MA).

Image Analysis
Image post-processing was performed offline using Matlab software (MathWorks, Natick,
MA). ADC parametric maps were reconstructed from each set of DW images at each slice
position. ADC values of each pixel were calculated as the slope of the least-squares fitting
line to the function: ADC · b = log(S(b) / S(0) ), with S(b) signifying the voxel signal
intensity in the image with diffusion weighting of b. Next, T2 parametric maps at each slice
position were reconstructed from the TE images with TE = 8 ×{1,3,6,9,12,15,17,20,25}ms.
T2 and proton density (M0) values for each pixel were derived by employing the non-linear
Levenberg-Marquardt algorithm to fit the mono-exponential function S (TEi) = M0
·exp(−TEi / T2).

Lesion ROIs were manually selected upon either diffusion weighted images (b = 0, 500 and
1000 s/mm2), T2 maps or M0 maps, depending upon the visual conspicuity and delineation
of the tumor within these images. Tumor ROIs were then transferred to the corresponding
ADC, T2 and M0 maps. Mean ADC, T2 and M0 values over each tumor ROI formed a 3D
feature vector. For a total of N tumors, a feature matrix MN×3 served as the input for multi-
dimensional analysis using the K-means (KM) clustering algorithm. KM clustering is an
unsupervised segmentation method without prior knowledge of training data. KM partitions
the points in data matrix MN×3 into k clusters by iteratively minimizing the sum of point-to-
cluster-centroid distances over all clusters. Prior to KM, feature values were normalized
with a mean of zero and unit standard deviation. The KM clustering method with k = 4 was
initially performed to classify all tumor ROIs into four assumed classes (i.e. cyst, RN, DN
and HCC). In addition, we evaluated the use of different KM clustering scenarios by
increasing the number of classes (k = 5 and 6) and combining the overlapping classes.

Statistical Analysis
Each set of mean ADC, T2 and M0 measurements were separately compared between cysts,
RN, DN and HCC (confirmed at histopathology). An independent pair two-tailed t test with
α = 0.05 was used for statistical comparisons. Additionally, box-and-whisker plots of the
distribution of ADC, T2 and M0 measurements were generated for each type of hepatic
nodule.

RESULTS
In a total of 9 rats, 33 cirrhosis-associated hepatic nodules including 17 HCC, 7 RN, 4 DN
and 5 cysts were identified at histopathology.

Within PROPELLER images and resultant parametric maps (ADC, T2 and M0 maps),
tumor areas were clearly delineated with no motion artifacts or image distortion observed.
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Scaled T2 and M0 maps overlaid on corresponding ADC map demonstrated no clearly
apparent misregistration between these parametric maps (Fig. 1–3 H, I). Generally, all types
of hepatic nodules demonstrated complex imaging characteristics within T1W and T2W
images. RN were generally hypo/iso-intense on T2W DW-PROPELLER (b=0 s/mm2)
images but demonstrated variable signal levels on T1W-PROPELLER images. DN signal
intensity was highly variable within both T2W and T1W-PROPELLER images. HCC
nodules demonstrated variable signal levels compared to surrounding liver tissues on T1W
images. HCC at different stages had different signal characteristics within T2W images:
smaller HCC tended to be iso-/slightly hyper-intense, whereas larger HCC with intra-
tumoral heterogeneity demonstrated mosaic signal intensity patterns.

Representative examples of DW-PROPELLER images with corresponding ADC map,
PROPELLER T2 and M0 maps and T1W-PROPELLER image of each liver slice with
different types of hepatic nodules are shown in Fig. 1–3. Three larger nodules (maximal
diameter = 1.0, 1.7 and 1.6 cm, respectively) characterized as HCC at histopathology are
shown in Fig. 1. These HCC tumors were slightly hyper-intense in T2W DW-PROPELLER
image (b=0 s/mm2) (Fig. 1A). With increasing diffusion weighting, HCC demonstrated less
signal suppression than surrounding liver tissues (Fig. 1B and 1C). On the corresponding
ADC map (Fig. 1D), HCC demonstrated relatively lower ADC values at the viable tumor
periphery, likely due to restricted diffusion; necrotic tumor tissues, primarily within the
central regions of two HCC tumors, resulted in elevated ADC values compared to peripheral
viable tissues. On the T2 map (Fig. 1E), these HCC tumors demonstrated similar or slightly
higher T2 values compared to surrounding cirrhotic liver tissues. On the M0 map (Fig. 1F),
HCC demonstrated comparable signal intensity with surrounding cirrhotic liver tissues. On
the T1W image (Fig. 1G), two HCC were iso-intense but the other one was slightly hypo-
intense. Qualitatively, tumor areas depicted in MR images were well correlated to the liver
specimen slices at necropsy (Fig. 1J). The magnified H&E images (×400) of tissues within
these three nodules were characterized as HCC (Fig. 1K–M).

Fig. 2 demonstrates four nodules within a second animal. Two were characterized as HCC
(Fig. 2K and 2L), one as a RN (Fig. 2M) and one as a cyst (Fig. 2N) at histopathology. The
cyst had larger ADC (Fig. 2D) and T2 values (Fig .2E) and lower M0 values (Fig. 2F), but
was hypo-intense on T1W image (Fig. 2G) compared to surrounding tissues and the other
three nodules. On DW-PROPELLER images (b = 500 s/mm2 and 1000 s/mm2)(Fig. 2B and
2C), both HCC demonstrated less signal suppression compared to the RN, therefore
resulting in lower ADC values for these lesions within the corresponding ADC map
(ADCHCC = 1.7 and 1.5 ×10−3 mm2/s, ADCRN = 2.4 ×10−3 mm2/s) (Fig. 2D). The two
HCC were slightly hyper-intense than the RN on T2W PROPELLER image (b=0s/mm2)
(Fig. 2A). Quantitatively, the two HCC (T2HCC = 89.4 and 83.8 ms) and RN (T2RN =
77.7ms) had lower T2 values compared to the cyst (T2cyst = 1558 ms); while the RN had
slightly lower T2 value compared to two HCC. However, these two HCC demonstrated
variable signal characteristics on M0 map (Fig. 2F) and T1W image (Fig. 2G): the right-side
larger HCC was hypo-intense and the left-side smaller HCC was hyper-intense on both M0
map and T1W image. Qualitatively, tumor areas depicted in MR images were well
correlated with tumor positions within the liver specimen slice at necropsy (Fig. 2J).

Fig. 3 shows three hepatic nodules within a third animal. Two lesions were characterized as
RN (Fig. 3K and 3L) and one as a DN (Fig. 3M) at histopathology. On the T2 map (Fig.
3E), both RNs had slightly higher T2 values (T2RN = 77.7 and 80 ms) compared to
surrounding cirrhotic liver tissues; while DN demonstrated even higher T2 values (T2DN =
134.5 ms). On the ADC map (Fig. 3D), both RNs demonstrated lower ADC values (ADCRN
= 1.1 and 2.1×10−3 mm2/s) compared to the DN (ADCDN = 3.7×10−3 mm2/s). On the M0
map (Fig. 3F) and T1W image (Fig. 3G), DN and the smaller RN were not differentiated
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from the surrounding liver tissues; however, the larger RN was hyper-intense compared to
the surrounding liver tissues on both M0 map and T1W image.

Box-and-Whisker plots of tumor ADC, T2 and M0 values for each type of hepatic nodule
are shown in Fig. 4. Mean ADC values for HCC, DN, RN and cysts were 1.84±0.36 ×10−3

mm2/s, 2.2±0.92 ×10−3 mm2/s, 1.7±0.45 ×10−3 mm2/s and 4.0±0.30 ×10−3 mm2/s,
respectively. ADC values of cysts were significantly higher than those of HCC, DN and RN
(p < 0.05); however, there was no significant difference of ADC values between HCC, DN
and RN. Mean T2 values for HCC, DN, RN and cysts were 115.8±86.2 ms, 87.6±20.5 ms,
77.2±15.1ms and 1455±326.4ms, respectively. Similar to the ADC measurements, T2 values
of cysts were significantly higher than those of the other three types (p < 0.05); however,
there was no significant difference of T2 values between HCC, DN and RN. In contrast,
mean tumor M0 values of HCC (702.4±173, arbitrary unit) were significantly higher than
those of DN (514.5±53.8), RN (505.4±183.6) and cysts (370.5±113); however, no
significant difference of M0 values was observed between DN, RN and cysts.

Using KM clustering method (k = 4), all the nodules were classified into four categories (I
−IV) (Table 1). All cysts (n = 5) were classified in category IV, clearly differentiated from
other three types of hepatic nodules with much higher ADC and T2 values and lower M0
values. There was considerable overlap between HCC, DN and RN classification in
categories II and III. However, HCC in category I was uniquely distinguished from the other
nodules. ADC values of HCC in category I were 1.4 ± 0.19 ×10−3 mm2/s, lower than those
of HCC in category II (2.0 ± 0.35 ×10−3 mm2/s) and category III (1.9 ± 0.1 ×10−3 mm2/s);
T2 values of HCC in category I were 93.6 ± 9.7ms, similar to those of HCC in category III
(82.1 ± 2.5ms) but lower than those of HCC in category II (134.9 ± 110.3ms); M0 values of
HCC in category I were 943.4 ± 105.5, higher than those of HCC in category II (680.3 ±
35.7) and category III (454.8 ± 80.5). Using KM clustering with k = 5, HCC, DN and RN
still had overlapping distributions in two combined categories (II and III’). Clustering with k
= 6 slightly improved the accuracy of nodule classification with HCC (categories I and II)
better separated from DN (category III’) but with minor overlapping with RN (category II);
however, overlapping still existed between HCC, DN and RN in category III’.

DISCUSSION
In this preclinical study, we demonstrated the feasibility of using PROPELLER techniques
for multi-parametric quantitative MRI of hepatic nodules in the diethylnitrosamine
chemically-induced rodent model of hepatocarcinogensis. The acquired multi-parametric
maps (ADC, T2 and M0) were inherently co-registered permitting parallel parameterization
for non-invasive interrogation of hepatic tissue properties.

Multi-shot PROPELLER MRI is a promising method for quantitative abdominal oncologic
imaging. With the TSE-based acquisition strategy, PROPELLER imaging is less sensitive to
susceptibility artifacts and anatomic distortion. It also offers the potential for high spatial
resolution with less motion artifacts due to its intrinsic properties of segmental phase
corrections and over-sampling of the central k-space. A previous study in VX2 liver tumor
model (36) demonstrated that DW-PROPELLER imaging and resultant parametric ADC
measurements can generate spatially-resolved intra-tumoral viability maps, well correlated
with the distribution of viable/necrotic tumor tissues at histopathology. Given these salient
properties, DW-PROPELLER and PROPELLER T2 mapping techniques offer the potential
to provide inherently co-registered functional parametric maps which may permit more
accurate lesion classification and/or characterization of tissue response following either liver
directed or systemic therapies.
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The development of HCC involves a multi-step pathway beginning with benign regenerative
nodules and pre-malignant dysplastic nodules progressing to overtly malignant HCC.
Histologically, RN form in response to local proliferation of hepatocytes surrounded by
fibrous septa; DN are regenerative nodules containing atypical cells without definitive
features of malignance. HCC are a malignant neoplasms composed of cells with
hepatocellular differentiation (14). Along the hepatocarcinogenesis pathway, cellular
structures become increasingly disorganized and the cellular density increases. Accurate
differentiation between cirrhotic nodules can be challenging clinically. Previous studies
reported variable signal intensity characteristics of HCC, DN and RN in non-contrast T1W,
T2W and DW images (4,14,15). The variable appearance of these cirrhotic nodules could be
attributed to the considerable overlap in histopathologic features. Additionally, the visual
interpretation of signal intensities could be biased with variable selection of imaging
parameters including TR, TE, b-values, etc. Our present study qualitatively described very
similar observations to those described in previous studies using conventional anatomic MR
images (4,14,15). Quantitative measurements of T1, T2 relaxation times, proton density M0
and tissue water mobility may provide more accurate tissue characterization. Xu et al.
reported the first use of DWI techniques in evaluating the hepatic nodules including RN, DN
and HCC in the DEN rat model (37); this study demonstrated a significant overlap of ADC
values between DN, RN and well differentiated HCC, suggesting that the tissue water
mobility measurements alone may not be sufficient for tissue characterization. Additionally,
these previous studies in the DEN rat model offered relatively limited image quality due to
anatomic distortion present in the DW-EPI images and ADC maps. It has been demonstrated
that relaxation times are related to the histological differentiation in different types of
hepatic tumors and other hepatocellular diseases (38–40), however, they have not been used
in differentiation of cirrhosis-associated hepatic nodules during hepatocarcinogensis.

Quantitative multi-dimensional analysis combining ADC, T2, and M0 measurements have
recently been investigated in subcutaneous xenograft murine tumor models for voxel-based
intra-tumoral tissue heterogeneity (viable tumor, necrosis) and tumor viability measurements
(23,24). Our study exploited the multi-dimensional analysis approach in an attempt to
differentiate liver lesion types during the hepatocarcinogenesis process. In contrast to the
voxel-based classification, our classification approaches were based on the averaged
imaging features within tumor ROIs. Of all hepatic nodules including cysts, RN, DN and
HCC, cysts were most clearly differentiated from other types of lesions with significantly
higher ADC and T2 values. HCC tumors were widely distributed in categorys I, II and III.
However, HCC in category I with lower ADC, T2 and higher M0 values were distinguished
from those in II and III, possibly attributable to higher cellular density. HCC in category II
and III were larger in size with central necrosis and hemorrhage, resulting in increased
extracellular water and thus increased tissue water mobility. Intra-tumoral heterogeneity in
category II and III HCC may complicate differentiation from DN and RN. Generally, the
relatively wider distribution of HCC (among the categories) is likely result from variable
nodule size, stage and the histological make-up (15). The lack of lesion differentiation in
category II and III could also be due to the rapid progress of hepatocarcinogensis in this
model which generates a continuous spectrum of etiologies with overlapping lesion
characteristics (37).

There were several limitations in this study. First, the sample size of DN was small. During
the fast progression of hepatocarcinogensis in this model, most of the DNs had progressed to
HCC or were in late stages during transition to HCC. Further studies with a larger sample
size may be necessary to provide a more balanced range of representative hepatic nodules
for a more comprehensive analysis. Secondly, our current tumor ROI-based classification
method, which neglected intra-tumoral heterogeneity, may account for the low accuracy of
lesion type differentiation. In future studies, intra-tumoral voxel-based classification with a
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larger number of tissue types and alternative clustering approaches (hierarchical clustering
or supervised approaches) may need to be investigated to improve the classification
accuracy. A third limitation of this study was the lack of comparisons to dynamic contrast
enhanced (DCE) MRI, which may permit the characterization of lesions based upon arterial/
portal blood supply and additional tissue perfusion properties. Future studies integrating
DCE measurements into the currently proposed multi-parametric analysis may improve the
accuracy of tissue characterization during hepatocarcinogensis. Lastly, the scan time was
long for DW-PROPELLER and PROPELLER T2 mapping in these rats because of the
relatively high resolution (0.6×0.6 mm2) desired for these studies. Imaging was performed
using a clinical scanner without dedicated small animal receiver coils; therefore, multiple
signal averages were necessary for adequate SNR. In future translational patient studies,
imaging time could be shortened by decreasing the spatial resolution and signal averages,
limiting spatial coverage in tumor areas and using parallel imaging techniques.
PROPELLER T2 mapping can also be accelerated by using partial echo reordering (35)
without adverse impacts on T2 measurement accuracy.

In conclusion, quantitative ADC, T2 and M0 measurements using PROPELLER MRI
techniques provided inherently co-registered parametric maps without image distortion or
obvious motion artifacts. These functional measurements offer great potential for
multidimensional hepatic tissue characterization. Future translational studies should evaluate
the use of these multi-dimensional quantitative PROPELLER techniques for clinical lesion
staging and assessment of liver tumor therapy response.
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Figure 1.
Three large HCC tumors (HCC-1: arrow head, HCC-2, hollow arrow and HCC-3: solid
arrow) were shown in DW-PROPELLER images at b = 0 s/mm2 (A), b = 500 s/mm2 (B)
and b = 1000 s/mm2 (C) with resultant ADC map (D), PROPELLER T2 map (E), M0 map
(F) and T1W PROPELLER image (G). Colored overlays of T2 and M0 maps upon
corresponding ADC maps (H and I) demonstrate the excellent co-registration between these
multi-parametric measurements. Qualitatively, tumor positions within these images were
well correlated to positions within the sliced liver specimen (J). Tissues in each lesion were
characterized as HCC in (×400) H&E images (HCC-1 (K), HCC-2 (L) and HCC-3 (M)).
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Figure 2.
Two HCC tumors (HCC-1: solid arrow, HCC-2, hollow arrow), one RN (hollow arrow
head) and one cyst (solid arrow head) were shown in DW-PROPELLER images at b = 0 s/
mm2 (A), b = 500 s/mm2 (B) and b = 1000 s/mm2 (C) with resultant ADC map (D),
PROPELLER T2 map (E), M0 map (F) and T1W PROPELLER image (G). Colored
overlays of T2 and M0 maps upon corresponding ADC maps (H and I) demonstrate the
excellent co-registration between these multi-parametric measurements. Qualitatively, lesion
positions within these images were well correlated to positions within the sliced liver
specimen (J). Tissues in each lesion were characterized as HCC (K: HCC-1, L: HCC-2), RN
(M) and cyst (N) in (×400) H&E images.
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Figure 3.
Two RN (RN-1: solid arrow, RN-2, hollow arrow) and one DN (hollow arrow head) were
shown in DW-PROPELLER images at b = 0 s/mm2 (A), b = 500 s/mm2 (B) and b = 1000 s/
mm2 (C) with resultant ADC map (D), PROPELLER T2 map (E), M0 map (F) and T1W
PROPELLER image (G). Colored overlays of T2 and M0 maps upon corresponding ADC
maps (H and I) demonstrate the excellent co-registration between these multi-parametric
measurements. Qualitatively, lesion positions within these images were well correlated to
positions within the sliced liver specimen (J). Tissues in each lesion were characterized as
RN (K: RN-1 and L: RN-2) and DN (M) in (×400) H&E images.
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Figure 4.
Box-and-Whisker plots of ADC, T2 and M0 measurements in all hepatic nodules including
HCC, DN, RN and cyst, characterized at histopathology. (* denotes a statistically significant
difference in independent pair 2-tailed t-test with p <0.05).
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