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Texture analysis is a promising method of analyzing imaging data to potentially enhance
diagnostic capability. This approach involves automated measurement of pixel intensity vari-
ation that may offer further insight into disease progression than do standard imaging tech-
niques alone. We postulated that postoperative liver insufficiency, a major source of
morbidity and mortality, correlates with preoperative heterogeneous parenchymal enhance-
ment that can be quantified with texture analysis of cross-sectional imaging.

A retrospective case-matched study (waiver of informed consent and HIPAA authorization,
approved by the Institutional Review Board) was performed comparing patients who un-
derwent major hepatic resection and developed liver insufficiency (n = 12) with a matched
group of patients with no postoperative liver insufficiency (n = 24) by procedure, remnant
volume, and year of procedure. Texture analysis (with gray-level co-occurrence matrices) was
used to quantify the heterogeneity of liver parenchyma on preoperative CT scans. Statistical
significance was evaluated using Wilcoxon’s signed rank and Pearson’s chi-square tests.

No statistically significant differences were found between study groups for preoperative patient
demographics and clinical characteristics, with the exception of sex (p < 0.05). Two texture
features differed significantly between the groups: correlation (linear dependency of gray levels
on neighboring pixels) and entropy (randomness of brightness variation) (p < 0.05).

In this preliminary study, the texture of liver parenchyma on preoperative CT was significantly more
varied, less symmetric, and less homogeneous in patients with postoperative liver insufficiency.
Therefore, texture analysis has the potential to provide an additional means of preoperative risk

stratification. (J Am Coll Surg 2015;220:339—346. © 2015 by the American College of Surgeons)
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Partial hepatectomy is the most effective and the only
potentially curative treatment for selected primary and
secondary hepatic tumors. Despite significant improve-
ments in perioperative outcomes, postoperative liver
insufficiency remains a source of morbidity and mortality,
particularly for major resections."* Complication rates in-
crease directly with extent of resection, with 1 center
reporting a 30% rate of severe hepatic insufficiency
when 5 or more segments are resected.” Because postoper-
ative hepatic insufficiency can delay chemotherapy, pro-
long hospital stay, and increase the overall risk of cancer
recurrence, it is important to identify patients at risk
before surgery.

Several studies have shown that the percentage of
functional liver parenchyma remaining after surgery pre-
dicts postoperative hepatic insufficiency,” but such
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Abbreviations and Acronyms

GLCM = gray-level co-occurrence matrix

LI = liver insufficiency
NLI = no liver insufficiency
RLV = remnant liver volume

analyses are far from perfect because they do not address
the functional capacity of the parenchyma. Passive func-
tion tests such as biochemical parameters (bilirubin,
albumin, and coagulation factor synthesis) and clinical
grading systems (Child-Pugh and Model for End-Stage
Liver Disease [MELD]), while capable of identifying
severe hepatic parenchymal disease, are not useful pre-
dictors of perioperative outcomes in candidates for resec-
tion.® Dynamic quantitative liver function tests, such as
indocyanine green clearance and galactose elimination
capacity, are thought to be more reliable because the
elimination/metabolization of these substances occurs
almost exclusively in the liver®; however, several studies
of these tests have shown no significant correlation
with clinical outcomes and histologic results.””® Cross-
sectional imaging studies are typically used to assess liver
volumetry and to detect steatosis or cirrhosis, but few
metrics exist for quantifying liver functional capacity
from images.” Very recently, gadoxetic acid uptake in
MR imaging has shown promise for assessment of liver
insufficiency by identifying 3 patients with liver insuffi-
ciency out of 73 who underwent liver resection.'® Reli-
able prediction of postoperative liver insufficiency
therefore remains a difficult, inexact practice.

Texture analysis is an established technique that charac-
terizes regions of interest in an image by spatial variations
in pixel intensities. For example, a smooth or homoge-
neous image lacks pixel intensity variation; an irregular
or heterogencous image has many pixel intensities and
is richly textured. In the context of CT images, texture
analysis has the potential to quantify regional variations
in enhancement that cannot be qualified by inspection.
Recent studies describe texture analysis to augment lesion
diagnosis and characterization,'" predict survival of colo-
rectal cancer patients,'”"” and classify hepatic tumors."
Texture analysis of liver parenchyma has been studied
for fibrosis detection and correlated with postoperative
pathologic findings.">'¢

Texture analysis of preoperative CT images has not
been used to predict posthepatectomy liver insufficiency.
Our hypothesis is that underlying liver insufficiency is
correlated with heterogeneous parenchymal enhancement,
which can be quantified by texture analysis. The purpose
of our study was to determine if the preoperative CT

texture of liver parenchyma differed between patients
with and without postoperative liver insufficiency. By
quantifying underlying parenchymal differences preoper-
atively, texture analysis has the potential to provide an
additional, and potentially powerful, means of patient
risk stratification.

METHODS

Patients

A waiver of Health Insurance Portability and Account-
ability Act authorization and informed consent was ob-
tained through Institutional Review Board approval.
The prospectively maintained liver resection database
was queried for all patients who underwent major hepatic
resection (>4 segments) between January 2006 and
January 2012. Prospectively collected demographic, labo-
ratory, histopathologic, operative, perioperative, and
radiologic data were analyzed retrospectively. Preoperative
evaluation, intraoperative management, and conduct of
the operation have been described previously.” Morbidity
was noted and graded using a scale consistent with the
Common Terminology Criteria for Adverse Events
from the National Cancer Institute."”

Study design

A case-matched study design was used in an attempt to
eliminate possible confounding effects of clinically estab-
lished factors associated with postoperative hepatic insuf-
ficiency. Comparisons were performed between the
patients who underwent major hepatic resection with
postoperative liver insufficiency complications and a
matched group of patients with no postoperative liver
insufficiency. Patients were matched 2:1 by procedure
(right lobectomy or right trisegmentectomy), remnant
liver volume (RLV, defined as the ratio of the remaining
functional liver volume to the preoperative functional
liver volume, expressed as a percentage), and year of
procedure.

Postoperative liver dysfunction and failure
classification

Patients with postoperative liver insufficiency between
2006 and 2012 were identified from the database. Postop-
erative liver insufficiency was defined as the presence of
the following: total bilirubin greater than 4.1 mg/dL
without obstruction or bile leak, international normalized
ratio (INR) > 2.5, ascites (drainage >500 mL/day), or
encephalopathy with hyperbilirubinemia. The severity of
liver insufficiency was assessed using the surgical events
database scale."”
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Postoperative staging and follow-up

Steatosis was graded in the course of routine histopatho-
logic assessment based on the Kleiner-Brunt histologic
scoring system: mild (<33% of hepatocytes affected),
moderate (33% to 66% of hepatocytes affected), or severe
(>66% of hepatocytes affected).'® Fibrosis was graded
based on the Rubbia-Brandt classification."

CT images

Patients with conventional portal venous phase contrast-
enhanced CT imaging before surgery were included in
the study. Postcontrast CT images were obtained after
the administration of 150 mL iodinated contrast (Omni-
paque 300, GE Healthcare) at 2.5 mL/s on multidetector
CT (Lightspeed 16 and VCT, GE Healthcare), as is the
standard imaging protocol at our institution. The
following scan parameters were used: pitch/table
speed = 0.984—1.375/39.37—27.50 mm; autoMA
220—380; noise index 12—14; rotation time 0.7—0.8
ms; scan delay 80 s. Axial slices reconstructed at each
5-mm interval were used for the analysis. The entire liver
was scanned on each CT.

Image processing

Standard image processing techniques were used to
extract the liver parenchyma from surrounding structures
(Fig. 1). Liver, tumors, vessels, and bile ducts were semi-
automatically segmented from CT scans using Scout Liver
(Pathfinder Technologies Inc). The remainder of the
image processing was fully automated with software
custom developed for the study: parenchyma was sepa-
rated from other structures using image subtraction;
attenuation values outside of 0 and 300 threshold HU
(corresponding to nonparenchymal regions, such as bulk
fat and metal) were removed using image thresholding;
and image dilation and erosion operators slightly
expanded the tumor and vessel boundaries to compensate
for potential small inaccuracies in the segmentation. The
final volume was scaled using conventional image normal-
ization, which compensates for potential irregularities in
the scale of pixel values across image volumes while
conserving the appearance of the image.”

Texture analysis

Texture analysis was undertaken to characterize the statis-
tical variation in the spatial relationships of pixels in paren-
chymal regions using standard gray-level co-occurrence
matrices (GLCM).?'*’ The GLCM represents the number
of neighboring pixel brightness values (gray levels) at
specified distances in the image. Once the GLCM is con-
structed, standard features can be extracted using well-
defined statistics. Five statistics were used: contrast (local

Step 1: Segmentation & model generation

Step 2: Image subtraction & dilation

0 200 300 400

Step 3: Image normalization

pixel of interest

Step 4: Final image volume for texture analysis

Figure 1. Steps in the quantification of preoperative CT images for
prediction of postoperative hepatic insufficiency, from image
segmentation (step 1) to texture analysis (step 4).

variation), correlation (brightness interdependence on
neighboring pixels), energy (local homogeneity), entropy
(randomness in brightness variation), and homogeneity.

Statistical analysis
Clinical variables were expressed as mean (with standard
deviation) or median (with range), as appropriate.
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Texture features were expressed as mean (with 95% con-
fidence interval). Differences between the matched groups
with respect to the clinical variables and texture features
were determined using Wilcoxon’s signed rank test for
continuous variables and Pearson’s chi-square test for
categorical variables, where p < 0.05 defined statistical
significance. All statistical analyses were performed with
SPSS version 21 (IBM Corporation). The percentage
difference between the texture features in the liver insuffi-
ciency (LI) and no liver insufficiency (NLI) study groups
was expressed as: % difference = (mean Ll—mean
NLI) x (100/mean NLI) to show the relative differences
between the 2 groups.

RESULTS

Demographics

Sixteen patients with liver insufficiency after major hepat-
ic resection from January 2006 to January 2012 were
identified from the liver resection patient database of
1,721 resections (0.9%) and 467 major resections
(3.4%). Three patients underwent preoperative portal
vein embolization and were excluded due to the potential
confounding influence of embolization-induced paren-
chymal changes on texture analysis. One additional pa-
tient was excluded based on a poor quality scan. All
patients had undergone routine portal venous phase
contrast-enhanced CT before surgery. The remaining 12
patients were matched to a control group of 24 patients,
for a total cohort of 36 patients. The inclusion/exclusion
flow diagram is summarized in Figure 2.

Patient demographics and clinicopathologic factors are
presented in Table 1. Comparisons were made between
the LI and the NLI groups to reveal potential biases in
the study group sclection. The median age, weight,
height, and body mass index did not significantly differ
between the 2 groups; however, patients in the LI group
were more likely to be male (92%, p < 0.05) with slightly
larger body surface area (LI: 2.0 m* vs NLI: 1.8 m?, p <
0.05). Preoperative bilirubin level, history of preoperative
chemotherapy, and type of chemotherapy did not signif-
icantly differ between groups. The extent of resection did
not significantly differ between the 2 groups: half of pa-
tients in each group underwent right hepatectomy and
the other half underwent extended right hepatectomy,
with mean RLV of 37.1% in the LI group vs 41.5% in
the NLI group (p = 0.517).

Major complications (>grade 3) were observed in 14
patients, for an overall complication rate of 39%, with
no differences between the 2 groups; however, the 90-
day mortality rate was significantly higher in the LI group
(50%, n = 6) (p < 0.01).

Patients with liver
insufficiency after
major resection
(n=16)

Patient with poor
quality CT scan
excluded (n=1)

Patients with good
quality scans (n=15)

Preop PVE patients
} excluded (n=3)

Liver insufficiency
group (n=12)

matched

Control group (n=24)

Figure 2. Study profile demonstrating patient selection. PVE, portal
vein embolization.

Pathologic characteristics were not statistically different
between the 2 groups. Overall, the majority of patients
were diagnosed with metastatic colorectal cancer (56%,
n = 20), followed by cholangiocarcinoma (28%, n =
10), hepatocellular carcinoma (8%, n = 3), and other
metastatic disease (testicular [3%, n = 1], breast [3%,
n = 1], duodenal [3%, n = 1]). Postoperative margin sta-
tus was negative in all but 1 patient.

Texture

Two texture features in the control group (n = 24) were
significantly different (p < 0.05) from those in the LI
group (n = 12). Compared with features in the control
group, the contrast and entropy features increased in the
patients with liver insufficiency; the correlation, energy,
and homogeneity features decreased in value (Table 2).
Contrast, a measure of local variation in the image,
showed greater range in values in the LI group than in
the control group. Correlation is a measure of the linear
dependency of gray levels on neighboring pixels, with
higher values indicating greater similarity in gray-level re-
gions; the control group had much less variation than the
LI group (p < 0.05). Entropy, a measure of randomness
in brightness variation, was greater in the LI group (p <
0.05). Homogeneity was somewhat lower in the LI group,
but this difference was not statistically significant.

To summarize, the texture of the liver parenchyma
from preoperative CT images of patients with postopera-
tive liver insufficiency was significantly more varied and
less homogeneous than that of the control group (Fig. 3).

DISCUSSION

Partial hepatic resection remains an effective and relatively
safe procedure for carefully selected patients. Over the last
2 decades, increased use of parenchymal-sparing tech-
niques in resection has reduced perioperative morbidity
and mortality.” However, postoperative liver insufficiency
remains a grave concern because up to 75% of
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Table 1. Demographic and Clinicopathologic Factors
Variable All patients (n = 36) NLI (n = 24) LI (n = 12) p Value
Age, y (range) 63 (54—73) 62 (53—73) 66 (56—75) -
Sex, n (%) <0.05
Male 21 (58) 10 (42) 11 (92) -
Female 15 (42) 14 (58) 1 (8) —
Weight, kg (range) 80 (63—98) 70 (61—92) 92 (77—-99) -
Body mass index, kg/m? (range) 27.9 (23.1-31.2) 26.7 (22.2—30.1)  29.6 (26.3—32.4) —
Preoperative bilirubin, mg/dL (mean £ SD) 0.8 £ 0.6 0.7 £0.5 1.0 £ 0.6 —
Preoperative chemotherapy, n (%) 17 (47) 13 (54) 4 (33) —
Type of preoperative chemotherapy, n (%)
FOLFOX 7 (19) 6 (25) 1(8) -
FUDR/irinotecan 2 (6) 1 (4) 1(8) —
Irinotecan 1(3) — 1(8) —
Bleomycin/etoposide/cisplatin 1(3) 1 (4) — —
Cisplatin/gemcitabine 1(3) — 1(8) —
Taxotere/Herceptin (Genentech) 1(3) 1 (4) — —
Irinotecan/cetuximab 1(3) 1 (4) —
Gemcitabine/Taxotere (Sanofi); doxorubicin/dacarbazine 1(3) 1 (4) —
Procedure, n (%)
Right lobectomy 18 (50) 12 (50) 6 (50) —
Right trisegmentectomy 18 (50) 12 (50) 6 (50) —
RLV (%), mean £ SD 40.1 + 13.7 41.5 + 14.1 37.1 £ 13.1 -
Mortality, n (%) 6 (17) — 6 (50) <0.01
Major complications, n (%) 14 (39) 6 (25) 8 (67)
Margin status, n (%)
Negative 35 (97) 24 (100) 11 (92) —
Positive 1(3) — 1(8) —
Diagnosis, n (%)
Colorectal cancer 20 (56) 11 (46) 9 (75) —
Cholangiocarcinoma 10 (28) 7 (29) 3 (25) —
Hepatocellular carcinoma 3 (8) 3 (13) — —
Other disease* 3 (8) 3 (13) - -
Steatosis, n (%) 18 (50) 12 (50) 6 (50) —
Fibrosis, n (%) 4 (11) 2 (8) 2 (17) —

*Testicular, breast, and duodenal.

FOLFOX, oxaliplatin, fluorouracil (5FU), and folinic acid; FUDR, florodeoxyuridine; LI, liver insufficiency; NLI, no liver insufficiency; RLV, remnant liver

volume.

postoperative mortalities are related to postoperative liver
insufficiency.” In addition to human factors, 1 study
reported a 3-fold increase in the total costs associated
with the clinical management of postoperative liver failure
patients.”” Preventing liver insufficiency is the dominant
theme of liver surgery because treatment options for this
condition are limited and associated mortality rates are
high; however, an objective measure of parenchymal qual-
ity remains elusive.

The principal finding of this study was that preopera-
tive CT texture of liver parenchyma of patients
who experience liver insufficiency postoperatively differs

significantly from the preoperative CT texture of patients
who do not. Preoperative patient characteristics in the
study groups were similar, highlighting the potential
role of texture analysis to stratify risk groups before sur-
gery. Although the basic definition of postoperative liver
insufficiency is debated,” 6 of 12 patients (50%) in the
LI group died within 90 days of surgery. These 6 patients
developed liver insufficiency as the initial event in the
cascade of events that ultimately led to their deaths.
Therefore, the definition applied in this study clearly
identified the population at high risk for poor periopera-
tive outcomes.
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Table 2. Comparison of CT Texture Features for Patients with No Postoperative Liver Insufficiency and Patients with Liver

Insufficiency

Texture feature NLI (n = 24), mean (95% Cl) LI (n = 12), mean (95% Cl) % Difference p Value
Contrast 0.65 (0.47, 0.82) 0.97 (0.54, 1.40) 49 0.098
Correlation 0.04 (0.03, 0.05) 0.02 (0.00, 0.03) —50 <0.05*
Energy 0.40 (0.27, 0.53) 0.37 (0.12, 0.62) -8 0.106
Entropy 0.50 (0.45, 0.55) 0.58 (0.51, 0.65) 16 <0.05*
Homogeneity 0.79 (0.74, 0.83) 0.75 (0.64, 0.85) -5 0.091

% Difference = (mean LI—mean NLI) x (100/mean NLI).
*Significant.
LI, liver insufficiency; NLI, no liver insufficiency.

Textural differences between livers of patients with and
without insufficiency may arise from a combination of
factors beyond intrinsic liver parenchymal properties. A
limitation of using routine portal venous phase CT for
liver texture analysis is the arbitrary and fixed time point
at which these abdominal CTs are performed. At our
institution, a fixed delay of 80 seconds is used for the por-
tal venous phase, but certain patient variables may affect
the degree of liver parenchymal enhancement, such as car-
diac output or hepatic venous congestion. Normalizing
the histogram of pixel intensities before performing
texture analysis will reduce the effect of differences in
the magnitude of liver enhancement given our fixed
dose of contrast, but may not eliminate the textural

A

Texture Feature

differences due to extrahepatic patient factors. This limi-
tation also raises the possibility that performing similar
analyses at multiple time points after contrast injection
may help define an optimal time point to distinguish be-
tween patients with high or low risk for postoperative liver
insufficiency by parenchymal texture analysis.

We chose to quantify CT images via texture analysis
with GLCM methods for several reasons. First, texture
analysis with GLCM is well defined and has been studied
for more than 3 decades, with numerous applications sup-
porting its use.”””* Second, perceptual studies have shown
this method to correspond to some level of human
perception.”® Third, GLCM continues to outperform
other methods of texture classification.”” Fourth, these

Contrast
Correlation
Entropy
Homogeneity

Energy

C
NLI LI
055 1.27
0.07 0.02
046 0.54
0.79  0.65
036 013

Figure 3. Comparison of 32 x 32 preoperative CT textures (pixel distance = 24). (A) Patient
with no postoperative liver insufficiency (NLI) and (B) Patient with postoperative liver insufficiency
(LI). Black areas indicate nonparenchymal regions (vessels, tumors, cysts) excluded from

analysis.
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quantitative imaging features have been shown to improve
tumor diagnosis,'"”'* and to provide measures of response
assessment”®*’ and radiation-induced gland injury,” and
are reproducible across multiple imaging units.”’ Last,
and perhaps most relevant to this study, recent investiga-
tions have shown that CT texture relates to fibrosis stag-
ing'>'® so the extension to liver insufficiency is not
unexpected.

Our methods differ from those in eatlier studies of he-
patic texture. Instead of the GLCM methods used here,
many studies use edge detection techniques,'>"> which
rely on analysis of abrupt brightness changes rather than
on statistical variation of brightness in a neighborhood.
Brightness variation in liver parenchymal regions on CT
represents subtle changes in uptake of intravenous
contrast. Analysis of brightness variation, as described in
this article, may provide a better assessment of underlying
parenchymal health. In contrast, edge detection tech-
niques may be more suitable for tumor detection. In
this study, nonparenchymal regions (vessels, cysts, etc)
were excluded from analysis: including these high-
contrast regions could potentially bias measurement of
brightness variation. For example, contrast-to-noise ratios
calculated between the most hyper- and hypo-intense re-
gions of the liver have been correlated with fibrosis,” but
the effect of the presence of vascular structures on texture
features is unstudied.

Analysis of patient and treatment factors determined
that only texture features appear to predict liver insuffi-
ciency in this cohort. Other studies of hepatic texture
do not report analysis of these patient and treatment fac-
tors'>"? that may represent surrogates of hepatic texture
values. To our knowledge, this is the first study to relate
texture features to postoperative outcomes. The ability
to predict hepatic behavior before treatment has the po-
tential to inform risk stratification for patients under
consideration for resection, and possibly to assess the
risk of liver injury in patients undergoing initial treatment
with chemotherapy. Although new imaging protocols and
contrast agents are in development, CT remains the pri-
mary imaging modality for oncology patients, and CT
images are potentially rich with additional useful informa-
tion beyond anatomic data.

The underlying mechanism explaining why preopera-
tive analysis of liver texture can inform postoperative liver
failure risk remains to be elucidated. The proposed
method provides a quantitative approach to measuring
the heterogeneity of liver parenchymal enhancement. Dif-
ferences in parenchymal heterogeneity are a reflection of
the variability in the distribution of intravenously admin-
istered contrast. This variability likely reflects a combina-
tion of factors, including changes to the microvasculature

that often occur from the presence of metastatic disease as
well as the chemotherapy used to treat it. Because our 2
patient groups did not substantially differ in type of ma-
lignancies or chemotherapies used, our texture analysis
may reflect the accumulated microvascular injury, not
appreciated on routine histology, but possibly associated
with high risk of liver insufficiency after resection.

The major limitations of this study were the retrospec-
tive design and also the low number of patients in the LI
group (n = 12) for analysis because liver insufficiency is a
relatively rare event at our institution due to careful pre-
operative patient selection. Further analysis of patient fac-
tors that may influence parenchymal changes such as
steatosis and fibrosis in a large series of patients undergo-
ing liver resection is needed to identify the effect of paren-
chymal changes on texture. Patients with preoperative
portal vein embolization were excluded in this study
due to the unstudied effects of these treatment strategies
on parenchymal texture. Analysis could be performed
on pretreatment scans, provided that these scans were
timed sufficiently; however, this is for future work and
not addressed in this preliminary study. Despite these
limitations, the data showed that analysis of texture is a
promising predictor of postoperative hepatic insuffi-
ciency; a comprehensive, prospective, and well-powered
study is needed to confirm these results. The increasing
use of preoperative chemotherapy suggests that posthepa-
tectomy liver insufficiency will likely remain a major
problem. In tumor types with higher risk of liver insuffi-
ciency, such as hilar cholangiocarcinoma,” the proposed
technique may show much broader applicability in a
larger prospective study.

CONCLUSIONS

Differences in enhancement in hepatic parenchyma can
be quantified by texture analysis from underlying pixel
variations on portal venous phase CT scans. These paren-
chymal differences in preoperative CT scans appear to
correlate with postoperative insufficiency after major he-
patic resections. These results have the potential to
improve preoperative risk stratification by adding a mea-
sure of liver parenchymal quality to the standard assess-
ments of liver remnant volume.
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