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Abstract

OBJECTIVE.—The purpose of this article is to describe our institutional experience with the
clinical implementation of a novel focused rapid chemical shift-encoded MRI protocol
specifically intended to detect and quantify hepatic steatosis and iron overload, highlighting usage
statistics and issues related to cost.

CONCLUSION.—Focused MRI examinations for specific clinical indications, such as this
protocol for detection and quantification of hepatic steatosis and iron overload, are feasible in a
busy clinical practice and add value for patients and referring providers.
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Nonalcoholic fatty liver disease (NAFLD) is emerging as the leading cause of chronic liver
disease in the United States, afflicting an estimated 100 million Americans [1], including
10% of children [2]. Closely associated with obesity and diabetes, the earliest and hallmark
feature of NAFLD is intracellular accumulation of triglycerides (i.e., hepatic steatosis).
Patients with hepatic steatosis are at risk of nonalcoholic steatohepatitis, the histologically
more aggressive form of NAFLD that can ultimately lead to liver cirrhosis and end-stage
liver disease [3, 4] and can increase the risk of hepatocellular carcinoma [5]. Even more
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important, hepatic steatosis has been associated with cardiovascular disease [6] — which
remains the leading cause of death in the United States [7]-although causality between the
two is still unclear [8].

Abnormal accumulation of iron within the liver most commonly results from either
abnormal intestinal absorption associated with hereditary hemochromatosis or multiple
blood transfusions (transfusional hemosiderosis) necessary to treat underlying anemia.
Abnormal accumulation of liver iron can lead to liver damage, cirrhosis, and even
hepatocellular carcinoma [9, 10]. Abnormal deposition of iron in the body can also result in
cardiac toxicity, delayed puberty, and pancreatic dysfunction [11]. Importantly, hepatic iron
overload has also been implicated as a cofactor in the progression of NAFLD [9], although
the precise role of iron in NAFLD is not well understood.

Consequently, the presence and degree of hepatic steatosis and iron overload are of great
clinical interest to hepatologists, hematologists, endocrinologists, and, increasingly, primary
care providers. Historically, quantification of hepatic steatosis and iron overload could be
reliably performed only by direct histologic analysis of tissue from liver biopsy [12], an
invasive procedure often requiring moderate sedation and associated with risks that include
bleeding, hospitalization, and, rarely, death [13].

In recent years, emerging confounder-corrected chemical shift-encoded (CSE) MRI
techniques have become commercially available and are now U. S. Food and Drug
Administration—approved on the three major MRI vendors (GE Healthcare, Siemens
Healthcare, and Philips Healthcare). Within a single short breath-hold, quantitative CSE-
MRI methods can provide iron-corrected maps of proton density fat fraction (PDFF) and fat-
corrected R2* maps as accurate and precise imaging biomarkers of tissue triglyceride [14]
and iron [15] concentration, respectively. In many clinical situations, the presence and
severity of hepatic steatosis or iron overload may be the only relevant clinical indication for
MRI; consequently, these patients may not benefit from a lengthy comprehensive MRI
examination, which often require 30—60 minutes of table time. This is of particular
importance in children, who may require sedation for lengthy MRI examinations.

To this end, our institution developed a focused unenhanced CSE-MRI protocol that obtains
PDFF and R2* map in three breath-holds, or approximately 5 minutes of table time.
Furthermore, this examination is ordered and billed as a limited abdominal MRI without
contrast agent to appropriately reflect the narrow scope of this examination and reduce cost.
In this work, we describe our institutional experience with the clinical implementation of
this abbreviated CSE-MRI protocol designed specifically for the detection and quantification
of hepatic steatosis and iron overload, highlighting usage statistics and relative cost of the
examination.

Description of the Rapid Fat and Iron Protocol

Our institution developed and validated a U.S. Food and Drug Administration—-approved
single breath-hold CSE-MRI method of simultaneous quantification of tissue triglyceride
concentration and iron overload, which has been described previously [16-18]. This CSE-
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MRI technique was subsequently implemented using a focused MRI protocol, hereafter
referred to as the rapid fat and iron protocol.

Per institutional guidelines, appropriate indications for the rapid fat and iron protocol

include patients with known or suspected iron overload, patients at elevated risk for NAFLD
or other cause of hepatic steatosis, patients with elevated liver function test (LFT) values and
a high pretest suspicion of hepatic steatosis, and for monitoring of patients who are known to
have these conditions. As further explained in the subsequent cost estimates section, this
examination is billed with a limited modifier to reduce cost; to qualify for the limited charge,
patients requiring sedation are not eligible for this limited examination, and add-on
sequences are not permitted. Furthermore, a specific order set for this examination was
created in our electronic medical record order system (Epic Hyperspace 2017, Epic
Systems).

The rapid fat and iron protocol can be completed in approximately 5 minutes of table time

and consists of three separate MRI acquisitions requiring patients to hold their breath for a
total of three 15-to 20-second intervals. Sequences obtained include a three-plane localizer,
CSE-MRI, and axial T2-weighted single-shot fast spin-echo.

After localization, the remainder of the examination is prescribed from the three-plane
localizer sequence to cover the craniocaudal extent of the liver. The CSE-MRI acquisition
(Ideal 1Q, GE Healthcare), acquired in a single breath-hold, provides two main quantitative
maps: liver PDFF (percentage), which serves as an imaging biomarker of liver fat, and R2*
(1/s), which represents the rate of decay of the MRI signal, which is linearly related to liver
iron concentration [19]. The T2-weighted single-shot fast spin-echo acquisition is also
performed in a single breath-hold and provides a limited anatomic survey of the liver.

All imaging was performed on clinical 1.5-T (Signa HDxt or Optima MR450w, GE
Healthcare) or 3-T (Discovery MR750 or Discovery MR750w, GE Healthcare) MRI systems
using 8-to 12-channel (1.5-T) or 32-channel (3-T) phased-array torso coils. Details of the
protocol acquisition parameters are listed in Table 1.

Clinical Implementation of the Rapid Fat and Iron Protocol: Initial

Institutional Experience

In an effort to describe and quantify our initial clinical experience with the rapid fat and iron
protocol, we gathered retrospective observational data from the imaging examinations and
medical records of patients at our institution undergoing the rapid fat and iron protocol from
April 2014 through October 2016. This study was approved by our institutional review board
and maintained full HIPAA compliance, and a waiver of informed consent was provided by
the institutional review board. We collected and recorded patient demographic information
(including age and sex), examination indication, examination time, and examination results
(PDFF and R2*) as reported by the interpreting radiologist. These data were collated, and a
basic descriptive statistical analysis was performed.
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A query of our institutional records from April 2014 through September 2017 identified a
total of 78 rapid fat and iron protocol MRI examinations performed on a total of 69 patients,
including 46 male and 23 female patients. The mean (+ SD) patient age at the time of MRI
was 35.5 £ 24.1 years, with an age range of 7-89 years. Of the 69 patients who underwent
rapid fat and iron examination, 61 patients underwent a single examination. Seven patients
underwent two examinations, and a single patient underwent three examinations for the
purposes of treatment monitoring.

Indications for rapid fat and iron protocol MRI included evaluation for hepatic steatosis for
31 examinations, evaluation for iron overload for 37 examinations, and evaluation of
unexpected nonspecific elevated LFT values for 10 examinations. Indications for pediatric
patients (defined as patients younger than 18 years; 36/78 examinations) included hepatic
steatosis for 26 examinations, iron overload for one examination (a patient with Diamond-
Blackfan anemia requiring regular transfusion), and elevated LFT values for nine
examinations. For adult patients (defined as patients > 18 years old; 42/78 examinations),
indications included hepatic steatosis for five examinations, iron overload for 36
examinations, and elevated LFT values for one examination.

The mean table time for the rapid fat and iron protocol MRI examinations was 6.8 + 3.0
minutes (range, 2-17 minutes), with a median table time of 6 minutes. For 45 of 78 (58%)
examinations, the table time was 6 minutes or less. For 11 of 78 (14%) examinations, the
table time was longer than 10 minutes. Fifty-nine examinations were performed on 1.5-T
scanners, and 19 examinations were performed on 3-T scanners. For no patient, including
children, was any form of anesthesia or sedation used.

For patients for whom the examination indication was hepatic steatosis (/7= 31), the mean
PDFF was 24.1% + 11.5% (normal liver PDFF, < 5% [20]), with a range of 3-50% (Fig. 1).
Liver PDFF was less than 5% in only three of 31 of these examinations. For patients for
whom the examination indication was iron overload (n7= 37), the mean R2* was 107.3
+141.6 s71 (range, 25-590 s~1) for examinations performed at 1.5 T (7= 32; normal liver
R2*, < 60 s1 [16]) and 196.5 + 169.0s71 (range, 72-485 s~1) for examinations performed at
3T (n=5; normal liver R2*, < 120 s~1). R2* was abnormally high in 18 of 37 examinations
performed for iron overload (Fig. 2). All patients who were imaged for nonspecific elevated
LFT values (n7=9) had abnormally high liver PDFF (mean, 21.1% * 74%; range, 7-32%)
with normal R2* values. In total, 87% (60/69) of patients scanned had abnormally high
PDFF, R2*, or both.

As previously mentioned, seven patients underwent two and one patient underwent three
rapid fat and iron studies for treatment monitoring of hepatic steatosis. All patients
undergoing multiple examinations were pediatric patients. These studies occurred a mean of
531 + 235 days apart. PDFF decreased by a mean of 4.3% * 12.9% during the follow-up
interval (Fig. 3). Five patients had liver PDFF decrease during the study period, and three
patients had an increase in liver PDFF.
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Cost Estimates

Given the complexities of billing and reimbursement in the current American health care
system, determining the true cost of any medical procedure or test can be convoluted, and a
complete analysis is beyond the scope and purpose of this Clinical Perspective. Furthermore,
regional variations in cost, payers, collection, and other complexities add to that challenge.
Consequently, we used publicly available data from the Centers for Medicare & Medicaid
Services (CMS) to examine the relative cost of the limited fat and iron protocol, compared
with other approaches and modalities. Although we think that this method offers the best
generalizable comparison among imaging studies, we do acknowledge that commercial
charges for imaging services are often substantially higher than the CMS figures reported
here, a trend typical not just for imaging services but all medical services in the United
States [21].

We retrospectively reviewed hospital financial records and queried the CMS Physician Fee
Schedule for billing and reimbursement data related to the rapid fat and iron protocol
examination, including technical component, professional component, and relative value unit
information [22]. Our institution codes and bills the rapid fat and iron protocol MRI
examination as a limited MRI of the abdomen without contrast agent, including a limited
modifier (Current Procedural Terminology [CPT] code 74181-52), as recommended by
Radiology Compliance Manager[23]. Medicare payment information obtained by querying
the CMS Physician Fee Schedule global pricing on September 25, 2018, is detailed in Table
2. The 74181 CPT code generates a technical component fee of $213.12 and a professional
component fee of $74.88, for a total fee of $288.00, which is reduced to $144.00 when the
limited (-52) modifier is applied. This represents a reduction of 67% in cost when compared
with a complete MRI of the abdomen with and without contrast agent (CPT code 74183),
which generates a technical component fee of $322.92 and a professional component fee of
$112.68, for a total fee of $435.60 [22]. We also note that the CMS Physician Fee Schedule
pricing information for CT of the abdomen without IV contrast agent (CPT code 74150) and
limited ultrasound of the abdomen (CPT code 76705), both of which have been evaluated as
imaging tests for the evaluation of hepatic steatosis [24, 25], are also included in Table 2.

Discussion

The data gathered from our initial clinical experience show the successful clinical
implementation of a rapid quantitative fat and iron CSE-MRI protocol. This examination has
a clearly defined scope of indications, including clinical suspicion of or treatment
monitoring for hepatic steatosis or hepatic iron overload, and offers a relatively inexpensive
alternative to biopsy or a prolonged MRI examination with unnecessary acquisitions. By
following recommendations from Radiology Compliance Manager[23], we billed patients
for a limited MRI of the abdomen without contrast agent, reducing the overall cost by
approximately 67%.

Our data found a total mean table time of 6—7 minutes. Although this time is very short, we
believe that it likely represents an overestimate of our current mean table time. These data
included the first few dozen examinations performed clinically at our institution while our
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technologists were still familiarizing themselves with the protocol. Although nearly 60% of
these examinations were performed in 6 minutes or less, for undocumented reasons, 11
examinations required 10 or more minutes of table time. We anticipate that mean table time
will continue to decline as use of the rapid fat and iron protocol increases and our
technologists become more familiar with the protocol. On the basis of our data, we currently
schedule a 15-minute appointment to complete this examination, which is the shortest
examination appointment time available in our electronic medical record scheduling
software.

We have shown the successful use of this protocol in patients of all ages, with a range of 7—
89 years documented in our initial experience. In fact, the information gained from the rapid
fat and iron protocol has already been shown to be of prognostic value in adolescents [26].
We were able to perform this protocol without the need for sedation in any patients, making
it an especially attractive option for children and adults who may have difficulty tolerating a
lengthy MRI examination. Furthermore, our group and others have recently developed and
validated an alternative CSE-MRI method for acquiring this examination, which is robust
during free breathing and eliminates the need for patients to hold their breath [27, 28]. The
ability to perform the rapid fat and iron protocol during free breathing combined with an
overall reduced examination time and reduced cost would only increase the value to patients
and referring providers.

By billing this examination as a limited abdominal MRI without contrast agent, we are able
to offer the rapid fat and iron protocol at approximately one-third the price of a routine
abdominal MRI with and without contrast agent. This is particularly important in an era
where health care usage and costs are subject to increased scrutiny, by both patients
individually and the public at large. For patients for whom the only relevant clinical question
is the presence and degree of hepatic steatosis or iron overload, the ability to offer a protocol
that answers the specific clinical question without superfluous sequences is critical. For
radiologists, interpreting the examination is relatively straightforward, requiring placement
of ROIs over the liver and reporting of the corresponding PDFF and R2* values [29]. When
billed as an MRI of the abdomen without contrast agent and a limited modifier, the cost of
the rapid fat and iron MRI examination is less than that of an abdominal CT without contrast
agent and only $20 and $50 more expensive than complete and limited abdominal
ultrasound, respectively. The quantitative MRI study provides quantitative information on
the presence and severity of both liver fat and iron content, neither of which can be assessed
as accurately with CT or ultrasound. However, recent studies have suggested a linear
correlation between liver MRI PDFF and CT attenuation (in Hounsfield units) [30, 31] and
have found reasonable sensitivity for the detection of hereditary hemochromatosis with
unenhanced CT [32]. Given the high overall use of abdominal CT in the United States [33,
34], findings suggestive of either fatty liver or elevated liver iron at CT could represent an
important entry point into potential MRI-based surveillance.

Our initial experience indicates that we still have considerable room for growth in use. In
this initial cohort, abnormally elevated liver PDFF was detected in nearly all patients imaged
for hepatic steatosis, and abnormally elevated R2* was detected in nearly half of patients
imaged for iron overload. These high rates of positive findings suggest a very high level of
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clinical suspicion or strong clinical evidence of abnormality in this population and strongly
suggest underutilization of this protocol during this period. A reasonable argument can be
made that the rapid fat and iron protocol offers the greatest amount of promise in patients for
whom the clinical scenario is perhaps more ambiguous, and we foresee increased usage of
this examination in the future in a wider array of patients. We have already seen this protocol
successfully used for treatment monitoring for several patients who underwent multiple
examinations to monitor hepatic steatosis. We were able to show the treatment progress in
these patients and saw a mean decrease in PDFF by approximately 4% during the follow-up
interval. Furthermore, patients with iron overload often require treatment monitoring, and,
consequently, focused MRI may be a useful option for patients with hemochromatosis being
treated with phlebotomy or patients with transfusional hemosiderosis undergoing chelator
therapy.

Conclusion

In conclusion, we have successfully developed and implemented a focused CSE-MRI
protocol that can assess hepatic fat and iron content in as little as 2-3 minutes of table time.
Our initial clinical experience has also shown the feasibility of this protocol for evaluation of
patients ranging from pediatric to geriatric at a relatively low cost, with clinically significant
disease detected in a large fraction of patients. Furthermore, as our staff becomes
increasingly comfortable performing and interpreting the examination and awareness among
our referring providers increases, we are optimistic that usage of the rapid fat and iron
protocol will increase. By implementing this focused MRI protocol, we aim to provide a
rapid, inexpensive, and noninvasive tool for accurate and precise detection and treatment
monitoring of hepatic steatosis and hepatic iron overload and to add additional value for our
patients and referring providers.
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Fig. 1.

10g-year-old boy with elevated aminotransferase level. Rapid fat and iron chemical shift—
encoded MRI protocol shows severe hepatic steatosis. Proton density fat fraction (PDFF)
map (middle) shows that patient has elevated PDFF of 45% (normal, < 5%) measured in
posterior right hepatic lobe. R2* map (right) shows that R2* is normal at 35 s~ (normal, <
60 s~1 at 1.5 T). Axial T2-weighted single-shot fast spin-echo MR image (/eft) is shown for
reference. Interpretation of images is simple and straightforward, requiring only placement
of ROIs (circles) over liver and reporting corresponding value.
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Fig. 2—.

499-year-old man with hereditary hemochromatosis. Rapid fat and iron chemical shift—
encoded MRI protocol shows mild hepatic iron overload. R2* map (righ?) shows elevated
R2* of 134 s~ (normal, < 120 s71 at 3 T) as measured in posterior right hepatic lobe. Proton
density fat fraction (PDFF) map (/middle) shows that PDFF is normal at 4% (normal, < 5%).
Axial T2-weighted single-shot fast spin-echo MR image (/ef?) is shown for reference. Note
cirrhotic configuration of liver and T2 hypointensity of liver parenchyma due to increased
iron, as well as lower R2* signal in spleen (S, right), indicative of normal iron content,
which is typical pattern of iron overload in patients with hemochromatosis. Circles denote
ROls.
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Fig. 3.

9-?/ear-old girl with suspected hepatic steatosis. Rapid fat and iron chemical shift-encoded
MRI protocol shows interval improvement in liver proton density fat fraction (PDFF) at
follow-up. PDFF maps from initial examination (/ef?) and follow-up examination performed
189 days later (right) show interval decrease in liver PDFF from 25% to 10% (normal liver
PDFF, < 5%), thus showing substantial interval improvement in hepatic steatosis. Circles
denote ROIs.
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