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THE RELATIONSHIP BETWEEN LIVER FAT CONTENT
AND UNENHANCED COMPUTED TOMOGRAPHY.

Karen Shoebotham and Kinh Gian Do. Department of Radiology, NYU School of Medicine, New
York, NY. (Sponsored by Jeffrey C. Weinreb, Department of Diagnostic Radiology, Yale University
School of Medicine).

The purpose of this study was to chart unenhanced CT liver and spleen attenuation data
on patients with normal and fatty livers to demonstrate a relationship between liver fat content
and attenuation on unenhanced CT using MR chemical shift imaging as a reference standard.
Retrospective data was gathered on 116 patients from NYU Tisch Hospital who had undergone
both an unenhanced CT and MR opposed-phase imaging of the liver within 2 months. MR fat
fraction (MR FF) was calculated using signal decrease on in-phase and opposed-phase imaging,
with a cutoff of 0.2 considered significant fatty infiltration. Three CT liver attenuation indices
were obtained: liver attenuation, liver minus spleen attenuation, and liver to spleen ratio. For
each index, linear regression was performed and 95% confidence intervals calculated. Receiver
operating characteristic (ROC) analyses were performed to determine the accuracy and optimal
cutoff values for the best balance between sensitivity and specificity, and the highest cutoff
value that had 100% specificity was determined. ROC analysis showed good accuracy of all CT
indices, with sensitivities and specificities between 91 and 93% for cutoff values of 50, 0, and 1.0
for CT liver attenuation, liver minus spleen, and liver to spleen ratio, respectively. Correlation of
hepatic steatosis between unenhanced CT and MR opposed-phase imaging was excellent, but as
MR imaging is not the gold standard for determining liver fat content, conclusions drawn from

this study depend on the accuracy of MR imaging as determined in other studies.
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Introduction

Hepatic Steatosis

Hepatic steatosis, or fatty liver, is an accumulation of vesicles of fats, primarily
triglycerides, within hepatocytes, generally considered abnormal when greater than 5 to
10 percent of the liver volume. Hepatic steatosis is the early manifestation of a
spectrum of liver damage which may progress to steatohepatitis and, eventually,
cirrhosis. It can exist as either a temporary or chronic state. Hepatic steatosis is
characterized by a lack of inflammation, cell death, or scarring and, importantly, is
considered reversible. Estimates of the prevalence of hepatic steatosis are difficult to
make because it is typically asymptomatic, and a significant number of cases are
undiagnosed. However, based on cross-sectional and autopsy studies, it is estimated to
affect between 10 and 35 percent of the general population (1, 2, 3). Prevalence varies
considerably by the population being studied with ethnicity and rates of alcoholism,
obesity and insulin resistance playing major roles (1, 4).

Once considered a benign condition, hepatic steatosis has gained increased
attention in recent years both because of its association with obesity and metabolic
syndrome, as well as greater awareness of the potential to progress to steatohepatitis

and cirrhosis, with an attendant increase in the risk for hepatocellular carcinoma. In



addition to these concerns, the importance of a significant percentage of fatty
infiltration in liver transplant, including those involving living donor liver transplant, to
outcomes of both donor and recipient, has fueled interest in the non-invasive diagnosis

and treatment of hepatic steatosis (5).

Causes of Hepatic Steatosis

Fatty liver can occur because of excess importation of free fatty acids from
adipose tissue, from decreased hepatic export of fatty acids (secondary to reduced
synthesis or secretion of VLDL), from impaired beta-oxidation of free fatty acids, or from
some combination of these (6). Fatty liver disease is typically classified according to its
cause, with the primary distinction being whether or not it is related to alcohol-induced
hepatic damage. Alcoholic liver disease (ALD) and nonalcoholic fatty liver disease
(NAFLD) have essentially identical histopathologic manifestations, and cannot be
differentiated by biopsy (4). NAFLD can currently be diagnosed only in patients with liver
disease in whom a history of significant alcohol intake has been exhaustively ruled out.
Among the causes of NAFLD are drugs such as corticosteroids, certain chemotherapeutic
agents, total parental nutrition, rapid weight loss, or diseases affecting lipid metabolism
such as lipodystrophy (2). However, the great majority of cases of NAFLD are associated
with one or more components of metabolic syndrome such as obesity and insulin

resistance.



Treatment

As mentioned above, hepatic steatosis, unlike later stages of liver disease such as
cirrhosis, is at least theoretically completely reversible, with treatment consisting of the
removal of its cause. In the case of alcoholic liver disease, cessation of alcohol is of
primary importance. The vast majority of cases of NAFLD are associated with obesity,
and the American Gastroenterological Association recommends weight loss for patients
diagnosed with NAFLD (7). Some small studies demonstrate improvements in liver
enzymes and decreases in steatosis on biopsy following weight loss surgery (8, 9). This
is, however, to be reconciled with data that indicate that very rapid weight loss, such as
that which may follow weight loss surgery, often increases hepatic steatosis, especially
in patients who already have NAFLD (10).

Betaine, a drug used to treat homocystinuria, has been used in small trials in
patients with NASH, and in one study in which it was combined with other supplements,
a 25% reduction in hepatic steatosis was seen after eight weeks (11). Some studies have
shown improvement in hepatic steatosis in patients with non-alcoholic steatohepatitis
(NASH) after metformin therapy (12) or treatment with pioglitazone (13). However,
large trials validating the role of any pharmacologic agent for reduction of hepatic
steatosis in humans are lacking. Other common treatments for obesity, dyslipidemia,
and insulin resistance such as exercise, lipid lowering agents, and antioxidants as yet
have little evidence in humans of efficacy on liver fat as measured by histology, but are

generally recommended, given the strong correlation between obesity and NAFLD (4).



Role of Hepatic Steatosis in Liver Surgery

One aspect of hepatic steatosis of particular interest is its role in transplant
surgery. Specifically, a high percentage of fatty infiltration in the liver is associated with
poor post-surgical outcomes for both living liver donors and transplant recipients.
Specifically, macrosteatosis above 30% is associated with higher rates of initial graft
non-function, elevated liver enzymes following surgery, and graft failure (14, 15). Two
patterns of hepatic steatosis, macrovesicular and microvesicular, are generally
differentiated. Macrovesicular steatosis is defined as a single, large vacuole in a given
hepatocyte, larger than the nucleus, while microvesicular steatosis is characterized by
multiple small vacuoles within a hepatocyte; many patients have a mixed pattern of
micro and macrovesicular steatosis. Some controversy exists concerning the relative
importance of these two patterns in contributing to short and long-term complications
following liver transplantation. In particular, microvesicular steatosis is not well
visualized with the conventional hematoxylin and eosin staining used in screening for
hepatic steatosis, which may lead to its prevalence being underestimated (16).
However, microvesicular fat appears to have less of a negative impact on outcomes
after transplantation, and levels of microsteatosis above 30% may not preclude safe
transplantation (17).

Another perspective on surgical risk concerns the risk to healthy living liver
donors, for whom risk considerations are different than those of potential transplant
recipients. Patients awaiting transplant are typically already very ill; the trade-off of

earlier transplantation with a suboptimal specimen must be weight against continued



decline in health and, indeed, ability to benefit from transplantation at all if it is delayed.
Function of residual liver tissue following partial hepatectomy is also of concern when
this surgery is performed to remove tumors, including hepatocellular carcinoma and
metastatic disease. Aside from the prevalence of NAFLD in the general population,
which appears similar in liver donors (15, 17), patients undergoing chemotherapeutic
treatment prior to partial hepatectomy may develop or increase their level of hepatic
steatosis, and steatosis in this patient group is an independent risk factor for
complications following resection (18). In some studies, chemotherapy appears to
increase risk of post-operative morbidity regardless of the agent used, instead
correlating with the number of cycles of chemotherapy (19), but particular agents such
as 5-flurouracil, oxaliplatin and especially irinotecan appear to increase the risk of
developing hepatic steatosis and may even lead to chemotherapy-associated
steatohepatitis (CASH). CASH is strongly associated with increased postoperative
morbidity and mortality (20, 21). Despite these risks, it is not agreed whether patients

should undergo biopsy prior to resection to screen for steatosis and CASH (21, 22).

Diagnosis

Hepatic steatosis is often first suspected when blood tests reveal elevated levels
of liver transaminases. Indeed, NAFLD is the most common cause of abnormal liver
enzymes in adults without a known cause of liver disease, and may in fact be the most
common overall cause of elevated liver enzymes in American adults (4, 23). However,

liver enzyme values are within normal limits for up to 78% of patients with NAFLD, and



even disease which is histologically advanced may not lead to elevated liver enzymes,
and cannot be ruled out with this method (1). Enzyme values that may be elevated are
usually limited to alanine aminotransaminase (ALT) and aspartate aminotransaminase
(AST). The decision to look for hepatic steatosis must therefore be made on the basis of
a number of risk factors, including elevated ALT or AST, if present, as well as obesity and

other components of metabolic syndrome.

Biopsy

Tissue biopsy remains the gold standard for diagnosis and quantification of
hepatic steatosis. There are multiple methods of obtaining hepatic tissue, including
percutaneous, transjugular, laparoscopic, or ultrasound or CT-guided fine needle
aspiration (FNA). Of these, percutaneous liver biopsies are the most common, as well as
the fastest to perform, with ultrasound sometimes employed to identify a safe approach
in high-risk patients. Ultrasound or CT-guidance is occasionally used to locate particular
lesions of interest. Liver biopsy is considered a safe procedure, particularly when
performed by experienced operators, with whom complications are quite rare (24).
Medicare reimbursement for percutaneous liver biopsy is approximately $200, but the
total cost, including use of hospital facilities, is approximately $1000.

Absolute contraindications to percutaneous liver biopsy include an
uncooperative patient, a history of unexplained bleeding or a bleeding tendency which
cannot be corrected with fresh-frozen plasma, unavailability of blood transfusion

support, suspected hemangioma or vascular tumor, inability to identify an adequate



biopsy site by exam or ultrasound, and suspected echinococcal (hydatid cyst) disease.
Relative contraindications are morbid obesity, ascites, hemophilia, and infection in the
right pleural space or below the right hemidiaphragm (25).

Roughly one in four patients experiences significant pain following percutaneous
liver biopsy. Other complications are rare, with significant complications occurring at a
rate between 0.1 to 3.6% (26), and include bleeding, bile peritonitis, transient
bacteremia, and perforation. The mortality associated with liver biopsy is very low,
occurring at a rate of 1 in 10,000 to 12,000 procedures (27). While complications are
unlikely, biopsy remains an invasive procedure and is not ideal for repeated sampling
such as might be desired in monitoring disease progression or response to treatment,
though serial biopsies are sometimes done. While significant hepatic steatosis,
particularly once it has progressed to NASH, increases risk for cirrhosis and
hepatocellular carcinoma, biopsy is not frequently performed to evaluate asymptomatic
patients. Additionally, while it allows direct histological inspection of liver tissue, biopsy
samples a small percentage of the total liver parenchyma. Fatty infiltration of the liver
may be focal or diffuse, affecting different regions to differing degrees (28), leading to a
risk of sample error. Also, interobserver variability may affect the reproducibility of
results. Regardless of the potential for non-invasive methods of assessing hepatic
steatosis, biopsy remains uniquely valuable in the assessment of other liver pathologies
such as inflammation, fibrosis, necrosis, and iron deposition, though methods of iron

detection using Magnetic Resonance imaging have been studied (29, 30).



Ultrasound

Ultrasound has been tested as a method of detecting and quantifying hepatic
steatosis, and abdominal ultrasound is currently the most commonly used non-invasive
method to evaluate for hepatic steatosis. Hyperechogenic liver tissue with fine, tightly
packed echoes, hyperechoic relative to the adjacent right kidney or spleen on
ultrasound examination is considered characteristic of liver steatosis. High frequency
ultrasound was shown in one study to provide increased spatial resolution and better
detail, but is limited by the difficulty of penetrating the abdominal wall (31). Duplex
Doppler examination of hepatic veins may be useful in some cases, as fatty infiltration
may cause abnormal waveforms by compression, however this effect does not appear
to correlate with the degree of fatty infiltration (32).

Ultrasound may be the most sensitive non-invasive method of screening for fatty
infiltration of the liver, though estimates vary between 60 and 95%, with specificity
ranging between 84 and 100% (33, 34, 35). Ultrasound may miss low levels of steatosis
(36), and it can be confused with the sonographic appearance of fibrosis, particularly
when both fibrosis and steatosis are present. As with nearly any ultrasound exam, its
usefulness to detect and quantify hepatic steatosis is operator dependent. In an effort
to minimize observer bias, a grading system has been proposed, based on three
sonographic features: liver echotexture, echo penetration, and clarity of blood vessels
(33, 37, 38). In general, the low cost of ultrasound examination as well as the lack of

radiation exposure and suitability for repeated examinations make it an attractive



option for screening for NAFLD, but it is non-quantitative and has limited ability to
detect low levels of hepatic steatosis, though the consistent use of scoring systems may

improve its quantitative abilities (35).

Computed Tomography

Computed Tomography (CT) imaging which includes part of all of the liver is
frequently performed, including a large number of studies performed without specific
concern for liver pathology such as hepatic steatosis. CT has the advantage over
ultrasound of being quantitative and not as operator dependent. Given the high
prevalence of hepatic steatosis in the general population, CT would be expected to
incidentally reveal a significant number of otherwise unsuspected cases. Interest in the
use of CT as a tool to screen for and quantify hepatic steatosis, particularly given its role
in liver resection and transplantation, has led to a number of studies to determine its
usefulness in this regard.

Liver attenuation is inversely correlated with the degree of fatty infiltration,
though concurrent hemochromatosis, which tends to increase liver attenuation, can
mask steatosis (39). Non-contrast enhanced CT appears to correlate better with
histologic steatosis grade than contrast-enhanced imaging (40). A 2004 study of 42
patients compared the difference between liver and spleen attenuation values on non-
contrast enhanced CT with histological fat percentage (41), and found that it was
possible to correctly predict histologic grade in 90% of the subjects. However, nearly

two-thirds of the subjects in that study had no significant fatty infiltration at all. This
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study concluded that CT would preclude biopsy for only a small percentage of potential
liver donors, and that histology was still valuable in screening for other conditions, such
as hepatitis, fibrosis, and necrosis.

A 2006 study by Park et. al. used three indices of hepatic attenuation on
unenhanced CT: liver-to-spleen ratio, liver minus spleen attenuation, and blood-free
hepatic parenchymal attenuation (42). This last value was obtained by estimating
bloodless attenuation of the liver with calculations that required measurement of
attenuation in both the portal vein and hepatic artery. They concluded that there was
no significant difference among these indices and that, while correlation with the
degree of macrovesicular steatosis on biopsy was evident, the limits of agreement
between histologic macrovesicular steatosis and each of these indices was too great to
be of clinical use. A later study compared the biopsy correlation on non-contrast
enhanced CT images of liver attenuation alone, liver minus spleen attenuation, and liver
to spleen ratio, and concluded that while all had significant correlation with biopsy,
simple measurement of liver attenuation was best for predicting liver fat content (40).

A recent study concerned with predicting adverse outcomes after liver resection
demonstrated that liver minus spleen attenuation values on non-contrast CT for 26
patients demonstrated good sensitivity in detecting steatosis measured on biopsy but
poor specificity, concluding that non-contrast CT could potentially be used to identify
potential liver donors who should be biopsied (43), but was not otherwise useful in

screening patients for hepatic steatosis.
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The role of CT imaging of the liver remains controversial, with some studies
demonstrating good correlation with biopsy results while others, particularly those
measuring non-continuous biopsy indices such as hepatic steatosis grade, found that CT
performed poorly in predicting significant hepatic steatosis. The confounding factor of
variable iron content, which can offset the decrease in attenuation seen in fatty liver,
led to a clearly decreased correlation in at least one study (44), making CT liver
attenuation values unlikely to be helpful for patients with both excess iron and fatty

infiltration.

Magnetic Resonance Imaging

The use of magnetic resonance imaging (MRI) to evaluate fat content of the liver
in humans was reported in a study by Dixon, et. al. published in 1984 in Radiology
describing the use of a modified spin echo technique (45). This study collected data on
five subjects using a new technique that took advantage of the difference in rates of
precession between protons in water and protons in fatty acid. This difference in rates
of precession, and thus resonant frequency, is directly proportional to the main
magnetic field strength and has been measured to be approximately 3.5 parts per
million, which is a difference of about 225 Hertz at 1.5 Tesla. Using this technique, one
image is acquired when water and fat magnetization are in-phase, that is, pointing the
same direction, and another image when water and fat protons are out of phase,
pointing in opposite directions, resulting in images that, when compared, can be used to

indicate the proportion of a given tissue consisting of each component.
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A 1991 study using 1.5-Tesla MR correlated fat fraction on MR with fat grade on
biopsy for 16 subjects (46). This study used the same spin echo technique as the Dixon
study in 1984 and showed good correlation between fat fraction on MR and histologic
grade, particularly in individuals whose fatty infiltration on biopsy was less than 25%.

In a 2006 study, Kim et. al. (47) examined 57 potential liver donors by comparing
biopsy and dual-echo 1.5-T MRI. Of these, 25 had no significant steatosis on biopsy, 23
had mild steatosis, 6 moderate, and 3 severe steatosis. The study used a calculation for
relative signal intensity decrease (RSID) which included liver and spleen attenuation
information. In this study, approximately 20% RSID corresponded to 30%
macrosteatosis, which was that institution’s cut-off of acceptability for liver donation.
The study concluded that while MRI is unable to discriminate between microsteatosis
and macrosteatosis, a RSID of 20% had 100% sensitivity and 92% specificity for

screening donors with more than 30% macrosteatosis (47).

Statement of Purpose

The purpose of this study was to chart retrospective, unenhanced CT liver and
spleen attenuation data on patients with normal and fatty livers to demonstrate a
relationship between liver fat content and attenuation on unenhanced CT using MR

chemical shift imaging as a reference standard.
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Hypothesis

Unenhanced CT imaging of the liver, using liver attenuation, liver minus spleen,
liver to spleen ratio, or a combination of these values can be used to predict hepatic
steatosis as defined on opposed-phase magnetic resonance imaging by a relative signal

intensity decrease of 20% or greater.

Specific Aims

1. Investigate the clinical relevance of hepatic steatosis, including that of its role in liver
transplantation, and current methods of diagnosis and treatment.

2. Compare previously described imaging methods, including ultrasound, computed
tomography and magnetic resonance imaging methods of detecting and quantifying
hepatic steatosis and their accuracy in comparison with the gold standard of biopsy.

3. Chart retrospective, unenhanced CT liver and spleen attenuation data on patients
with normal and fatty livers to demonstrate a relationship between MR liver fat content
on opposed phase imaging and unenhanced CT liver attenuation, CT liver minus spleen,
and CT liver/spleen ratio.

4. Perform statistical analysis to obtain a value or combination of factors that will
predict the degree of fatty infiltration on unenhanced CT with optimal sensitivity and

specificity.
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Methods

This project was conceived by Richard Do, MD, a fourth year resident in
Diagnostic Radiology at New York University Medical Center. Portions of this

investigation done by Dr. Do, the author, or both are specified in the sections below.

Study Approval

Dr. Do wrote and submitted a protocol for this study which was approved by the
institutional review board of NYU Medical Center. The patient consent requirement was

waived for this retrospective chart review.

Study Location

All data were collected from the PACS database of Tisch hospital, an affiliate of

New York University Medical Center, and included scans done at Tisch hospital (NYUMC-
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TH), Faculty Practice Outpatient Office (NYUMC-FPO), and the Columbus Medical

Institute.

Preliminary Data

To test the feasibility of obtaining useful data, Dr. Do collected information on
fifteen patients who had been scanned at one of the above locations between April and
September of 2007. Inclusion and exclusion criteria, as described for patients whose
scans included mention of fatty liver, were used for this preliminary data set. Data on an
additional four patients were gathered by the author in order to increase the number of
borderline fatty livers, as defined by a CT mean attenuation value between 40 and 50,

and project the feasibility of the study.

Study Population

We retrospectively reviewed our hospital database for patients who underwent
both a CT with non contrast-enhanced images of the liver and also a non contrast-
enhanced MR which included opposed-phase images of the liver within 60 days of each
other. One data set included all patients who underwent both scans during the six
month period from March to August 2007. In order to obtain more data on patients
with significant hepatic steatosis, a second set of patients were reviewed which included

all patients who underwent both scans within 60 days of each other, with at least one
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report mentioning fatty liver, during the two year period from September 2005 through
September 2007. Patients were excluded if the report mentioned liver metastases, a
known history of hepatic cirrhosis or cirrhotic morphology. Data on a given patient was
used only once, with patients included in the first set being excluded from the second. In
cases where more than one scan was available for comparison within the specified 60-
day period, the scan with the smallest time interval between was used, with the most

recent studies preferred if time intervals were identical.

Data Collection

Data on CT attenuation and MR signal intensity, including placement of ROls,
were collected by the author, while additional information concerning the specific
scanners used for each CT and MR scan, and data on MR image acquisition parameters

such as TR and TE were later added by Dr. Richard Do, MD.

Computed Tomography

Computed Tomography Scans were performed on Sensation 16 (n=98), 40 (n=2),
or 64 (n=12) slice or Somatom Definition dual-source (n=4) Seimens machines. Data
were collected on CT scans of the chest, abdomen, or combined scans as long as
sufficient images of the liver and spleen were included on a non-contrast enhanced

series. For each patient, the attenuation from four regions of interest (ROIs) in the liver
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and one ROI in the spleen were collected. ROIs were circular with a diameter of
approximately 1 -2cm. Four ROIs were obtained in the mid-plane of the liver with one
ROl each from Couinaud segments 2/3, 4A/4B, 8/5, and 7/6. ROIs were placed
peripherally and with effort to avoid visible blood vessels and bile ducts. One, central
splenic ROl was obtained on the same slice as the liver ROIs with the exception of 2
patients on whom the spleen was not visible in this slice. In these two cases, a splenic
ROI was obtained several slices away where the spleen was sufficiently wide in cross-
sectional area to accommodate it. For each patient, three different liver attenuation
indices were obtained. Liver attenuation was calculated as the arithmetic mean of the
four ROI values. Liver minus spleen (L-S) was calculated as the splenic attenuation
subtracted from the mean liver attenuation value. Liver to spleen ratio (L/S) was

calculated as the mean liver attenuation divided by the splenic attenuation.

Magnetic Resonance Imaging

Magnetic resonance imaging was performed on Avanto, Sonata Vision,
Symphony, and Numaris 1.5 T scanners. Data were collected on scans which provided
images through the mid-plane of the liver on in-phase and opposed-phase image series
using either a body or torso coil. Slice thickness varied from 3 to 5mm, and echo times
(TE) ranged from 1.99 to 2.40ms for opposed-phase and 4.76 to 4.97ms for in-phase

images.
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ROIs were selected to match as closely as possible those selected for CT. Four
ROIs were obtained in the liver, at a level just superior to the left portal vein with one
ROl each from Couinaud segments 2/3, 4A/4B, 8/5, and 7/6. ROIs were placed
peripherally, avoiding visible blood vessels and bile ducts as well as areas affected by
motion artifact. To ensure comparison was made between identical regions on both
phases of imaging, once ROls were chosen on one phase of the scan and their values
recorded, they were left in place while the image was scrolled to the equivalent slice of
the other phase to record the new values. For calculations, the mean of the four liver
ROI values for each phase was used. A single central splenic ROl was obtained in each
phase on the same slice as the liver ROIs, again leaving the ROl in place for both in- and

out-of-phase attenuation values.

MRI fat fraction (MR FF) was equal to the percentage signal decrease on
opposed-phase images relative to in-phase images calculated using the following

formula:

MR FF = % signal decrease = 100 * (Lin/Sin — Lop/Sop)/(Lin/Sin)

where L, and S;, stand for signal intensity on in-phase images of the liver and spleen,
respectively, and Lo, and Sy, stand for signal intensity on opposed-phase images of the

liver and spleen, respectively (47).
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Statistical Analysis

To determine whether non-contrast enhanced CT could predict degree of
hepatic steatosis on opposed-phase MRI as determined by the percent signal decrease
equation given above, MR FF was correlated with three potential measures of hepatic
steatosis on CT: liver attenuation, liver minus spleen, and liver to spleen ratio, linear
regression analysis was performed between the MR FF and each of these attenuation
indices. Regression equations for each index were calculated, as well as 95% confidence

intervals.

To compare the relative performance of these three indices for the
guantification of steatosis, receiver operating characteristic (ROC) analysis was
performed using the cutoff of 20% MR signal decrease, with the area under each curve
calculated and compared for statistical differences among indices. Cutoff values for each
attenuation index which optimized sensitivity and specificity were calculated from the
ROC curve. Linear regression, confidence intervals, and ROC analysis was performed by
Dr. Lawrence Staib, PhD, in the Diagnostic Radiology Department of Yale New Haven

Hospital.

For each index, | determined the highest cutoff value that yielded 100%
specificity for detection of MR FF of 0.2 or greater was determined. Sensitivity and

specificity for each cutoff value was calculated.
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Results

We obtained data on 75 patients in the March to August 2007 data set and 45
patients in the January 2005 through August 2007 data set, on patients with mention of
fatty infiltration of the liver, for a total of 120 patients. Of these, four were eliminated
after data collection because the MR opposed phase imaging had inappropriately high
TE values of 2.8-4.76ms (opposed-phase) and 5.13-11.9ms (in-phase). This left data on

116 patients, which was used for all subsequent data analysis (Table 1).

Days . Liver .
Liver Spleen ) Liver / MR Fat
Pt Age Between . . minus .
a b . Attenuation | Attenuation Spleen | fraction
number (yr) Imaging c d Spleen .
. (H) (H) ratio (RSID)
Studies (H)
1000 56 0 57.7 50.4 7.3 1.14 -0.01
1001 52 0 59.8 53.7 6.1 1.11 0.21
1002 77 0 58.9 434 15.6 1.36 -0.03
1003 65 14 46.9 47.4 -0.5 0.99 0.38
1004 68 16 57.6 48.4 9.2 1.19 0.02
1005 50 14 49.1 57.2 -8.1 0.86 0.37
1006 58 0 65.9 44.7 21.2 1.47 -0.05
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Days . Liver .,
Pt Age Between Liver - Spleen‘ minus Liver / MR I'=at
number® (yr)b Imaging Attenu?tlon Attenuitlon spleen Sple.en fraction

Studies (H) (H) H) ratio (RSID)
1007 78 13 62.9 45.1 17.8 1.40 -0.06
1008 72 32 65.0 43.7 21.2 1.49 -0.05
1009 82 22 51.2 51.2 0.0 1.00 0.15
1010 72 0 57.3 44.0 13.2 1.30 -0.16
1011 85 15 54.6 45.3 9.2 1.20 -0.09
1012 77 0 64.8 54.0 10.8 1.20 -0.10
1013 75 0 58.5 55.0 3.6 1.07 0.14
1014 70 9 56.2 48.6 7.6 1.16 0.06
1015 50 21 54.9 50.9 4.1 1.08 0.02
1016 58 16 72.5 50.9 21.6 1.42 -0.16
1017 69 19 68.3 47.7 20.6 1.43 -0.07
1018 60 15 62.0 46.3 15.6 1.34 0.01
1019 60 61 56.2 38.3 17.9 1.47 -0.06
1020 61 4 56.2 47.2 9.0 1.19 0.09
1021 71 0 42.4 523 -9.9 0.81 0.29
1022 55 0 66.9 53.9 13.0 1.24 0.14
1023 68 0 419 41.9 0.0 1.00 0.17
1024 85 0 57.8 48.3 9.5 1.20 -0.20
1025 29 48 53.4 50.0 3.4 1.07 -0.02
1026 75 37 53.9 51.1 2.8 1.05 0.03
1027 55 26 66.5 49.4 171 1.35 0.07
1028 53 5 67.4 45.4 22.0 1.48 -0.11
1029 74 6 66.2 49.4 16.8 1.34 -0.06
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Days . Liver .,
Pt Age Between Liver - Spleen‘ minus Liver / MR I'=at
number® (yr)b Imaging Attenu?tlon Attenuitlon spleen Sple.en fraction

Studies (H) (H) H) ratio (RSID)
1030 83 0 59.0 45.4 13.6 1.30 0.01
1031 76 0 39.8 56.4 -16.6 0.71 0.41
1032 72 22 61.6 52.8 8.9 1.17 0.00
1034 80 0 61.9 48.1 13.8 1.29 0.00
1035 80 0 61.0 46.7 143 131 -0.05
1036 62 0 56.1 50.4 5.7 1.11 0.08
1037 62 42 425 46.8 -4.3 0.91 0.36
1038 88 0 56.4 443 121 1.27 -0.08
1039 67 14 30.4 45.8 -15.4 0.66 0.62
1040 82 0 64.6 49.5 151 131 -0.12
1041 55 24 15.2 51.5 -36.3 0.30 0.59
1042 55 23 30.2 49.2 -19.0 0.61 0.55
1043 81 8 66.0 48.8 17.3 1.35 -0.07
1044 60 0 56.9 49.9 7.1 1.14 -0.07
1045 68 0 58.7 53.7 5.1 1.09 0.00
1046 69 16 67.6 52.0 15.6 1.30 0.04
1047 67 8 45.8 46.1 -0.4 0.99 0.06
1048 58 0 46.5 48.5 -2.0 0.96 0.15
1049 64 0 59.8 50.3 9.4 1.19 0.07
1050 46 16 49.7 48.1 1.6 1.03 0.09
1051 52 8 52.9 47.1 5.8 1.12 -0.02
1052 88 0 51.9 43.7 8.2 1.19 0.02
1053 68 0 60.9 54.0 6.9 1.13 0.13




23

Days . Liver .,
Pt Age Between Liver - Spleen‘ minus Liver / MR I'=at
number® (yr)b Imaging Attenu?tlon Attenuitlon spleen Sple.en fraction

Studies (H) (H) H) ratio (RSID)
1054 69 0 37.0 46.8 -9.8 0.79 0.48
1055 54 41 63.4 523 111 1.21 0.08
1056 59 0 55.9 43.5 12.5 1.29 -0.06
1057 78 36 44.0 40.8 3.2 1.08 0.03
1058 82 0 59.0 54.9 4.1 1.07 0.04
1059 81 0 62.9 48.6 144 1.30 -0.05
1060 84 1 52.7 50.2 2.5 1.05 0.20
1061 95 0 61.5 47.3 14.2 1.30 0.02
1062 78 0 36.3 53.7 -17.4 0.68 0.64
1063 42 18 54.2 45.2 9.0 1.20 -0.04
1064 52 26 67.1 49.2 17.9 1.36 -0.07
1065 40 33 64.7 49.2 15.5 1.32 -0.10
1066 85 23 56.3 49.4 6.9 1.14 -0.10
1067 75 3 64.8 47.1 17.7 1.38 0.03
1068 58 25 57.2 533 3.9 1.07 0.00
1069 58 2 50.1 38.6 11.5 1.30 -0.11
1071 59 28 37.2 48.6 -11.4 0.77 0.39
1072 83 0 59.2 52.8 6.4 1.12 0.06
1073 74 0 60.2 449 15.3 1.34 -0.06
1074 57 3 61.8 49.5 123 1.25 0.14
2001 98 0 42.7 52.2 -9.5 0.82 0.47
2002 41 56 45.6 48.1 -2.6 0.95 0.30
2003 61 42 47.4 51.9 -4.4 0.91 0.27
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Days . Liver .,
Pt Age Between Liver - Spleen‘ minus Liver / MR I'=at
number® (yr)b Imaging Attenu?tlon Attenuitlon spleen Sple.en fraction
Studies (H) (H) H) ratio (RSID)
2004 61 1 53.7 47.3 6.3 1.13 0.26
2005 67 4 40.7 41.2 -0.5 0.99 0.38
2006 61 0 41.0 47.5 -6.6 0.86 0.35
2007 34 0 24.2 47.8 -23.6 0.51 0.60
2009 62 0 24.8 50.8 -26.0 0.49 0.54
2010 58 33 48.4 47.7 0.7 1.01 0.27
2011 70 25 38.4 46.5 -8.1 0.83 0.38
2012 68 6 36.8 50.7 -13.9 0.73 0.41
2013 35 0 22.8 57.7 -34.9 0.40 0.76
2014 69 28 419 48.9 -7.0 0.86 0.25
2015 74 0 434 45.1 -1.7 0.96 0.23
2016 68 0 44.7 47.5 -2.8 0.94 0.37
2017 66 0 47.3 55.0 -7.7 0.86 0.30
2018 43 0 27.0 51.2 -24.3 0.53 0.58
2019 47 15 24.7 55.8 -31.1 0.44 0.64
2020 65 0 324 50.7 -18.3 0.64 0.54
2021 43 29 294 47.5 -18.0 0.62 0.59
2022 58 8 46.5 60.4 -13.9 0.77 0.41
2023 38 5 43.0 46.8 -3.7 0.92 0.23
2024 60 8 51.5 42.5 9.0 1.21 0.11
2025 79 0 46.3 47.8 -1.6 0.97 0.25
2026 21 0 49.9 53.5 -3.6 0.93 0.20
2027 50 48 35.0 44.6 -9.5 0.79 0.65
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Days . Liver .,

Liver Spleen . Liver / MR Fat
Pt Age Between . . minus A

a b . Attenuation | Attenuation Spleen | fraction

number (yr) Imaging c d Spleen .
. (H) (H) ratio (RSID)
Studies (H)

2029 53 7 49.1 51.9 -2.8 0.95 0.30
2030 83 29 53.5 48.1 5.4 1.11 0.04
2031 66 16 35.8 47.1 -11.2 0.76 0.39
2032 67 0 41.4 50.3 -8.9 0.82 0.26
2033 67 0 34.2 53.9 -19.7 0.64 0.46
2034 48 29 45.7 52.6 -7.0 0.87 0.27
2035 71 0 41.8 50.6 -8.8 0.83 0.48
2036 32 51 49.2 52.8 -3.6 0.93 0.19
2037 70 47 44.8 51.1 -6.3 0.88 0.17
2038 67 14 30.2 47.3 -17.0 0.64 0.59
2039 60 0 46.1 50.0 -3.9 0.92 0.32
2040 75 24 53.3 54.7 -1.4 0.98 0.22
2041 63 0 48.2 51.6 -3.4 0.93 0.20
2042 53 0 38.9 42.8 -3.9 0.91 0.28
2043 68 10 36.1 48.5 -12.4 0.74 0.40
2044 78 6 39.9 39.0 1.0 1.02 0.32
2045 50 12 55.2 47.0 8.2 1.18 0.07

Table 1: Data obtained on a total of 116 patients.
Pt number is the patient number assigned for this study. Patient numbers from 1000 to

1074 refer to patient data gathered from the six-months of March — August, 2007; Patient
numbers from 2001 to 2045 refer to patient data gathered on scans from January 2005 to

August 2007 on patients with reference to fatty infiltration of the liver.

®Age is given at the time of the CT scan.
‘Liver attenuation is the mean value of the 4 ROIls obtained on CT.
9Spleen attenuation on CT.
“Liver minus spleen, Liver to spleen ratio, and MR fat fraction (RSID) were calculated as
described in Methods.
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These patients ranged in age from 21 to 98 years old, with a mean age of 64 and
standard deviation of 14 years (Figure 1). The time interval between the CT and MRI
scans ranged between 0 and 61 days, with a mean of 12 days and a standard deviation

of 15 days.
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Figure 1: Age distribution of all patients analyzed in this study, by decade.

Computed Tomography

Liver attenuation values ranged from 15 to 73 Hounsfield units, with the
breakdown shown in Figure 2. The difference between liver and spleen values varied
from -36 to +22 Hounsfield units; the breakdown is shown in Figure 3. The liver to

spleen ratio varied from 0.3 to 1.5, with the breakdown shown in Figure 4.
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Figure 2: Number (y-axis) of all patients within the specified ranges with liver
attenuation values (x-axis), in Hounsfield units, on unenhanced CT.
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Figure 3: Number (y-axis) of all patients within the specified ranges of liver minus spleen
attenuation values (x-axis), in Hounsfield units, on unenhanced CT.
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Figure 4: Number (y-axis) of all patients within the specified ranges of liver to spleen
ratio (x-axis), in Hounsfield units, on unenhanced CT.
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Magnetic Resonance Imaging

The signal decrease seen using opposed phase MR imaging was from -.20 to

+.76, show with breakdown in Figure 5.

30

25

20 A

10

0 -
-2-<-1-1-<00-<1.1<2.2-<33-<44-<55-<6.6-<7.7-<8

Figure 5: Number (y-axis) of all patients within the specified ranges of MR
opposed phase imaging signal decrease or fat fraction (x-axis).

Comparison Between CT and MR

Linear regression analysis results between Magnetic Resonance fat fraction (MR
FF) and CT liver attenuation, liver minus spleen attenuation, and liver to spleen ratio are
presented in scatter plots (Figures 6, 7, 8). The linear regression equation that was used
to quantitatively estimate the degree of steatosis using CT liver attenuation is: MR FF =
1.03 - 0.0169 * (liver attn). The linear regression equation that was used to
guantitatively estimate the degree of steatosis using the difference between liver and

spleen attenuation (L-S diff) is: MR FF = 0.198 — 0.0162 * (L-S diff). The linear regression
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equation that was used to quantitatively estimate the degree of steatosis using the ratio

of liver and spleen attenuation (L/S ratio) is: MR FF = 1.00 — 0.799 * (L/S ratio).

Fitted Line Plot
MR FF = 1.026 - 0.01690 liver ATTN
Regression
0.8+ ——— 05%CI
S 0.106948
R-Sq 78.3%
0.6+ R-Sq(adj) 78.1%
W 044
[
o
Z 02
0.0
-0.2
10 20 30 40 50 60 70 80
liver ATTN

Fig 6: Scatter plot of liver attenuation (liver ATTN) on CT versus Magnetic Resonance fat
fraction (MR FF). Best fit line is shown as a solid line and 95% confidence intervals are
represented by dotted lines above and below the best fit line.

Fitted Line Plot
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Figure 7: Scatter plot of liver minus spleen difference (L-S diff) on CT versus Magnetic
Resonance fat fraction (MR FF). Best fit line is shown as a solid line and 95% confidence
intervals are represented by dotted lines above and below the best fit line.
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Fitted Line Plot
MR FF = 1.004 - 0.7992 L/S ratio
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Figure 8: Scatter plot of liver to spleen ratio (L/S ratio) on CT versus Magnetic Resonance
fat fraction (MR FF). Best fit line is shown as a solid line and 95% confidence intervals
are represented by dotted lines above and below the best fit line.

The distribution of patients who had a MR FF of at least 20% or of less than 20%

using each CT index by range is shown in figures 9, 10, and 11 below.
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Figure 9: CT liver attenuation values (x-axis) of patients found by MR opposed-phase
imaging to have a Magnetic Resonance fat fraction (MR FF) of 20% or greater (black
bars) or less than 20% (grey bars) by number of patients (y-axis) in each specified range.

35

30

25

20

15

10
_—
o MW .

-40-<-30-30-<-20-20-<-10 -10-<0 0-<10 10-<20 20-<30

Figure 10: CT liver minus spleen values (x-axis) of patients found by MR opposed-phase
imaging to have a Magnetic Resonance fat fraction (MR FF) of 20% or greater (black
bars) or less than 20% (grey bars) by number of patients (y-axis) in each specified range.
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Figure 11: CT liver to spleen ratios (x-axis) of patients found by MR opposed-phase
imaging to have a Magnetic Resonance fat fraction of 20% or greater (black bars) or less
than 20% (grey bars) by number of patients (y-axis) in each specified range.

ROC Curve Analysis

The area under the ROC curve for MR FF of 0.2 (20%) or greater was 0.958 for
liver attenuation alone, 0.973 for liver minus spleen, and 0.972 for liver to spleen ratio.
There was no statistically significant difference among these indices. The cutoff value
that provided a balance between sensitivity and specificity for the MR FF of 0.2 or
greater was 49.2 H for liver attenuation alone, 0 (no difference) for liver minus spleen,
and 1.0 for liver to spleen ratio. Sensitivity and specificity for liver attenuation less than
49.2 H were 91% and 92%, respectively. A cutoff of O for liver minus spleen also had a
sensitivity and specificity of 91% and 92%, respectively. Liver to spleen ratio of 1.0 or
less had a sensitivity and specificity of 93% and 92%, respectively (Table 2). The ROC

curves generated for each index are seen in Figures 12, 13 and 14.
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Figure 12: Liver ROC curve
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Figure 13: L-S ROC curve
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Figure 14: L/S ROC curve

CT index Area under Cutoff value for Sensitivity Specificity
ROC curve MR FF 0.2

Liver 0.958 49.2 91% 92%
attenuation
Liver minus 0.973 0 91% 92%
spleen
Liver to spleen 0.972 1.0 93% 92%
ratio

Table 2: Summary of ROC analysis

The highest cutoff value, in Hounsfield units, that was 100% specific in detecting
a MR FF of 0.2 or greater using liver attenuation alone was 42, giving a sensitivity of
55%. The highest cutoff value for liver minus spleen attenuation that was 100% specific
in detecting a MR FF of 0.2 or greater was -6.6, with a specificity of 61%. The highest

cutoff value for liver to spleen ratio that was 100% specific in detecting a MR FF of 0.2 or
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greater was 0.87, with a sensitivity of 61%. Positive and negative predictive values were
not calculated, as the prevalence and distribution of fatty infiltration in the patients

studied was not reflective of rates in the general population.
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Discussion

Correlation

This analysis showed good correlation between MR fat fraction and each of the
three CT indices studied. As there is no statistical difference in the accuracy of liver
attenuation alone, liver minus spleen attenuation, and liver to spleen ratio, it is likely
that liver attenuation alone may be the simplest, and therefore most convenient and
likely to be used, index in determining hepatic fat content. Other studies have used the
more complicated method of determining liver parenchymal attenuation, which
requires measurement of hepatic artery and portal vein attenuation, and the use of an
equation (47). As this method was not found to be statistically more useful than liver
minus spleen difference or liver to spleen ratio, and in this study liver attenuation was
as accurate as these other two indices, it is unlikely that additional information is gained
from time taken to record and calculate extra measurements. Also, this method can be
used on both chest and abdominal non-contrast CT images. In a chest CT, the liver is

rarely fully imaged, and these studies may not obtain a good view of the hepatic artery.
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Magnetic Resonance Imaging

While magnetic resonance imaging is not the gold standard for detection and
guantification of hepatic steatosis, several studies have shown good correlation
between signal decrease on opposed phase magnetic resonance imaging and histologic
fat percentage (47, 48). Magnetic resonance imaging provides information on
morphology and a geographic representation of the fat distribution of the liver and
avoids certain potential problems of biopsy such as sampling error and interobserver
variability. However, it does not discriminate between microsteatosis and
macrosteatosis. To the extent that this distinction is clinically useful, as many studies on
living liver donor transplantation have suggested, MR imaging alone is not ideal for
determining donor candidate appropriateness, but may be useful in screening out, and
thus preventing the unnecessary biopsy of, certain candidates who are clearly above the
cutoff. This study demonstrates that CT may have similar usefulness, in that liver
attenuation above or below certain extreme cutoffs may be sufficient to rule out or rule
in significant hepatic steatosis. In this study, liver attenuation below 42 H was always
associated with an MR FF of 0.2, corresponding to at least 30% macrosteatosis (47),
while attenuation of 60 H or greater always corresponded to an MR FF of less than 0.2.
While this leaves a considerable zone of overlap between 42 and 60 H, the high
sensitivities and specificities given for the liver attenuation cutoff of 50 H optimized by

ROC curve analysis are reasonable for clinical use. Also, this study established that there
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is a linear correlation between MR FF and CT attenuation. The cutoff of MR FF of 0.2 was
chosen because it was shown to correspond to 30% macrosteatosis, a cutoff for
acceptability in living donor liver transplant. This, then, is already a very significant
amount of hepatic steatosis, and it is reasonable that clinicians might be interested in

detecting and monitoring considerably lesser degrees of steatosis.

Aside from its applicability to liver surgery, particularly liver transplantation, the
detection of various degrees of hepatic steatosis using a non-invasive diagnostic test
may be useful in clinical practice, particularly in caring for patients with NAFLD or NASH.
High-end estimates of the prevalence of hepatic steatosis are above one-third of the
general population, and this number is expected to increase, given increasing rates of
obesity and metabolic syndrome, so that the average value of liver attenuation on CT
may not represent the ideal. There is a linear relationship between CT attenuation and
hepatic steatosis by MR, from which it may be understood that some steatosis of some
significant degree is likely present in most patients with liver attenuation values in the
40s, and even many between 50 and 60. Even when CT of the liver is not done with
hepatic steatosis in mind, it may be used to follow liver attenuation values to get some
sense of the level of steatosis and to follow its trend, though the accuracy of this use has

not been tested.
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Limitations

The amount of time between each patient’s MR and CT was ranged from zero up
to 61 days (2 months). Ideally, studies done the same day would be compared, but this
range was thought to reflect a balance between the usefulness of additional data points
and the need to minimize the chances that the actual degree of hepatic steatosis had
changed in the interval. Previous studies comparing biopsy to either MR imaging or CT
have been limited by the number of patients undergoing biopsy to less than 60. This
study was able to analyze nearly twice that number by taking advantage of the large
amount of retrospective data available on patients who had undergone both

unenhanced CT and opposed-phase MR of the liver as part of their clinical care.

MR opposed phase imaging is limited by ambiguity error, as it is not possible to
know whether fat or water is providing the dominant signal. In cases where the fat
fraction is greater than the water fraction, opposed-phase imaging could underestimate
the amount of hepatic steatosis. In one study looking at hepatic fat by biopsy and MR
opposed-phase imaging, there were no instances of inappropriate signal intensity
increases, despite having biopsy fat fractions as high as 81% (47). The correlation seen in
this study also appears to continue through the highest fat fractions. Also, hepatic
steatosis of more than 50% is a relatively rare event, so this may not cause confusion
between patients with low fat fractions and those with exceedingly high fat fractions in
clinical practice; as this study did not include biopsy results, this cannot be ruled out. A

different MRI technique called iterative decomposition of water and fat with echo
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asymmetry and least squares estimation (IDEAL), is able to separate water and fat
signals, and can be used to overcome this problem (49). However, this is less frequently
performed than opposed-phase imaging, and this study did not look at data using this

technique.

The problem of determining hepatic iron content using non-invasive imaging,
particularly when there is concurrent fatty infiltration, is still being investigated, and
some techniques are promising (29, 30, 39). The incidence of iron overload is low, and
this study did not attempt to detect or correct for high levels of iron, but the results may
not be as useful if there was a significant incidence of iron overload in the population

used and cannot be applied to patients with iron overload.

This study used data obtained on multiple CT scanners with varying slice
numbers and thicknesses, technicians, and protocols. Similarly, MR data were obtained
on several different scanners using slightly different parameters, though those with TE
values outside the acceptable range were removed from the data set before analysis.
While this could introduce some variability, it reflects the varying types of scans that a

practicing radiologist might be expected to interpret.

Data were not collected on patients with evidence of cirrhosis or of widely
metastatic disease. While cirrhotic morphology and metastases may be identified on
imaging, it is unknown how applicable these results would be to patients with cirrhosis

or metastatic disease.
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Other Imaging Methods

One option proposed to evaluate hepatic steatosis accurately and non-invasively
is the combination of two modalities such as ultrasound and MR imaging (47). Applying
artificial neuronal networks to ultrasound increased its specificity over that of
radiologists in detecting hepatic macrosteatosis over their institution’s limit of eligibility
for liver donation (50). Combinations of ultrasound and CT may increase the ability to
detect levels of hepatic steatosis as well, given the excellent correlation between CT and
MR results in this study.

Another magnetic resonance technique used to investigate the degree of fatty
infiltration of the liver is 'H magnetic resonance spectroscopy (MRS). This technique,
rather than providing a visual representation of the geography of the liver, generates a
spectrum of resonances which can, by comparing fat and water peaks, provide
information on the relative amounts of fat present in a selected tissue volume of
interest (VOI). One study analyzed fat and water on 'H spectra on VOIs within the liver
on MR spectroscopy and demonstrated good correlation of fatty infiltration with CT
imaging and as well as with histological score (51). While the VOI used to evaluate
hepatic steatosis is much greater than the tissue volume obtained by biopsy,
inhomogeneity of fat distribution may still lead to incorrect estimates of the overall
degree of fatty infiltration. Also, as this technique is not routinely performed as part of
liver imaging using magnetic resonance imaging, the extra steps required to perform it
and analyze the data make it less likely to be used in clinical practice at this time. A

recent study investigated the use of iterative decomposition of water and fat with echo
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asymmetry and least squares estimation (IDEAL) to overcome the limitation of MR in
separating fat and water signals which can cause ambiguity error (49). Using a phantom,
they were able to reduce the deviation of fat-fraction from its true value, particularly
prominent at high fat-fractions. Once this technique has been demonstrated to be
accurate in clinical studies it may represent a useful non-invasive alternative to biopsy

or standard MR sequences.
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