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BACKGROUND. Hepatic attenuation at unenhanced CT is linearly correlated with
the MRI proton density fat fraction (PDFF). Liver fat quantification at contrast-enhanced
CT is more challenging.

OBJECTIVE. The purpose of this article is to evaluate liver steatosis categorization on
contrast-enhanced CT using a fully automated deep learning volumetric hepatosplenic
segmentation algorithm and unenhanced CT as the reference standard.

METHODS. A fully automated volumetric hepatosplenic segmentation algorithm
using 3D convolutional neural networks was applied to unenhanced and contrast-en-
hanced series from a sample of 1204 healthy adults (mean age, 45.2 years; 726 women,
478 men) undergoing CT evaluation for renal donation. The mean volumetric attenu-
ation was computed from all designated liver and spleen voxels. PDFF was estimated
from unenhanced CT attenuation and served as the reference standard. Contrast-en-
hanced attenuations were evaluated for detecting PDFF thresholds of 5% (mild steato-
sis, 10% and 15% (moderate steatosis); PDFF less than 5% was considered normal.

RESULTS. Using unenhanced CT as reference, estimated PDFF was > 5% (mild ste-
atosis), = 10%, and > 15% (moderate steatosis) in 50.1% (n = 603), 12.5% (n = 151) and
4.8% (n = 58) of patients, respectively. ROC AUC values for predicting PDFF thresholds
of 5%, 10%, and 15% using contrast-enhanced liver attenuation were 0.669, 0.854, and
0.962, respectively, and using contrast-enhanced liver-spleen attenuation difference
were 0.662, 0.866, and 0.986, respectively. A total of 96.8% (90/93) of patients with con-
trast-enhanced liver attenuation less than 90 HU had steatosis (PDFF > 5%); this thresh-
old of less than 90 HU achieved sensitivity of 75.9% and specificity of 95.7% for moderate
steatosis (PDFF > 15%). Liver attenuation less than 100 HU achieved sensitivity of 34.0%
and specificity of 94.2% for any steatosis (PDFF > 5%). A total of 93.8% (30/32) of patients
with contrast-enhanced liver-spleen attenuation difference 10 HU or less had moderate
steatosis (PDFF > 15%); a liver-spleen difference less than 5 HU achieved sensitivity of
91.4% and specificity of 95.0% for moderate steatosis. Liver-spleen difference less than
10 HU achieved sensitivity of 29.5% and specificity of 95.5% for any steatosis (PDFF > 5%).

CONCLUSION. Contrast-enhanced volumetric hepatosplenic attenuation derived
using a fully automated deep learning CT tool may allow objective categoric assessment
of hepatic steatosis. Accuracy was better for moderate than mild steatosis. Further con-
firmation using different scanning protocols and vendors is warranted.

CLINICAL IMPACT. If these results are confirmed in independent patient sam-
ples, this automated approach could prove useful for both individualized and popula-
tion-based steatosis assessment.

Nonalcoholic fatty liver disease (NAFLD) is a highly prevalent public health issue, with
cardiovascular, metabolic, and liver-specific implications [1-3]. Although not a defining
criterion, NAFLD is closely associated with the obesity and metabolic syndrome epidem-
ics that are prevalent throughout the world [4-6]. A majority of American adults are now
considered obese, and approximately half of all American adults may have some degree
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of hepatic steatosis [7, 8]. Despite the growing importance of
identifying steatosis, there is no reliable noninvasive, non-imag-
ing-based clinical method for accurately quantifying or even cat-
egorizing the degree of steatosis. Liver biopsy for the sole pur-
pose of assessing hepatic steatosis at histopathology is costly
and invasive and generally provides only a subjective visual esti-
mate of steatosis and may include sampling errors. From a popu-
lation-based standpoint, noninvasive imaging methods for liver
fat quantification would be advantageous.

MRI-based proton density fat fraction (PDFF) should be the
preferred noninvasive reference standard for quantifying liver fat
given its accuracy and whole-liver assessment [9]. Recent stud-
ies using different CT vendors showed the linear equivalence be-
tween MRI PDFF and unenhanced CT attenuation [10-12]. This
equivalence allows CT to be used to quantify liver fat, especially
that beyond normal or low levels. Furthermore, because abdom-
inal CT is performed in clinical practice much more frequently
than abdominal MRI, CT can serve as a surrogate for initial detec-
tion of steatosis [13]. For these reasons, unenhanced CT may rep-
resent a practical noninvasive reference standard for routine liv-
er fat quantification, especially for population-based studies [14].
However, CT assessment of liver fat content after IV contrast ad-
ministration remains much more challenging.

A fully automated algorithm for quantifying liver fat at unen-
hanced CT was recently validated in a large sample of patients
without symptoms [8]. This volumetric deep learning tool was
compared against the standard manual ROl approach [11, 15—
171. The tool automatically segments and analyzes both the liv-
er and spleen. However, to realize the full potential of this auto-
mated tool for population-based opportunistic hepatic steatosis
and NAFLD screening, the next challenge is to apply it to con-
trast-enhanced CT obtained in the portal venous phase or later.
Although the direct linear relationship between CT attenuation
and MRI-based PDFF no longer holds after IV contrast adminis-
tration, patients may potentially be placed into PDFF categories
(e.g., normal, mild, and moderate or greater steatosis) accord-
ing to contrast-enhanced liver attenuation, with or without in-
corporating splenic attenuation. The purpose of this study was
to evaluate liver steatosis categorization on contrast-enhanced
CT using the fully automated deep learning volumetric hepato-
splenic segmentation algorithm and unenhanced CT as the ref-
erence standard.

Methods
Study Sample

This retrospective study was approved by the institutional re-
view board at the University of Wisconsin-Madison and was HI-
PAA-compliant; the requirement for written informed consent
was waived. A total of 1250 consecutive adults who underwent
multiphasic abdominal CT at a single academic medical center
for the purpose of potential renal donation between February
2010 and January 2017 were initially included. After exclusion of
46 patients because of missing or corrupted CT image data (n =
39) or splenic absence (n = 7), the final study sample consisted of
1204 healthy adults with usable CT image data. Before automat-
ed CT-based assessment, patient information was anonymized.
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HIGHLIGHTS

Key Finding

B Using estimated MRI PDFF from unenhanced CT as ref-
erence, contrast-enhanced liver attenuation from a ful-
ly automated deep learning volumetric segmentation
tool achieved ROC AUC of 0.962 for detecting moderate
steatosis (PDFF = 15%) and 75.9% sensitivity and 95.7%
specificity at a contrast-enhanced CT threshold of less
than 90 HU.

Importance

B Opportunistic detection of hepatic steatosis on ab-
dominal CT performed for other indications may help
address nonalcoholic fatty liver disease, a highly prev-
alent public health issue.

CT Protocol

Allindividuals in the study sample underwent abdominal CT us-
ing a dedicated multiphasic protocol. All scans were performed on
MDCT scanners predominately using a size-based protocol with
64 x 0.625 detector configuration, 120 kVp setting, modulated
tube current, and a noise index ranging from 17.0 to 27.5. An un-
enhanced abdominal series was obtained extending from T12 to
L4. A split-bolus IV contrast enhancement technique was used to
achieve multiphase dynamic and excretory imaging. An initial in-
jection consisted of 20 mL of nonionic contrast material (with 20
mL saline flush) 5 minutes before the dynamic multiphasic injec-
tion to opacify the upper collecting system. Dynamic multiphasic
injection consisted of a split bolus of 30 mL contrast material (and
30 mL saline) at 3 mL/s for the arterial (vascular) phase, followed
by 100 mL contrast material per 50 mL saline at 5 mL/s 20 seconds
later for the late portal venous (parenchymal) phase. Arterial and
parenchymal phase series were then obtained. The arterial phase
was intended for renal vascular assessment and did not provide
sufficient hepatic coverage for the present investigation. The ar-
terial phase is also of less practical value for liver fat quantification
given the phase’s greater sensitivity to timing and hypervascularity
of the spleen. Thus, this study used only the unenhanced and pa-
renchymal contrast-enhanced phases for assessing the automated
CT tool. Imaging series were originally reconstructed as 5-mm slic-
es at 3-mm intervals, which were then retrospectively reformatted
to 3-mm contiguous slices.

Automated Algorithm for Hepatosplenic Segmentation
and Analysis

The methodology for automated hepatosplenic assessment
has been previously described in detail [18]. A modified 3D con-
volutional neural network (U-Net) was used. Imaging data for
training were obtained from a separate patient sample [19]. Data
augmentation was performed using 3D rotation, crop, elastic de-
formation, the CycleGAN automatic image-to-image translation
technique for the unenhanced images, and random flips. Train-
ing of the model used the National Institutes of Health (NIH) Bio-
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wulf High Performance Computing cluster. The volumetric mean
attenuation was computed for all designated liver voxels. The in-
trahepatic vasculature was included in the segmentation. A simi-
lar process was used for the spleen.

Liver Fat Quantification Reference Standard

The mean unenhanced CT liver attenuation obtained from
the automated volumetric tool was converted to the MRI-based
PDFF-equivalent fat fraction using the recently published formu-
la[11],

Fat fraction (%) = (-0.58 x CT attenuation in HU) + 38.2.

This unenhanced CT hepatic fat fraction served as the refer-
ence standard to which the contrast-enhanced attenuation was
compared. The linear relationship between CT hepatic fat frac-
tion and PDFF equivalent has been verified in a prospective trial
using a different CT vendor [12]. Although various steatosis cat-
egories according to PDFF have been used, a recent study sug-
gests that 5% should serve as the preferred threshold for normal
(< 5%) versus mild steatosis, and 15% as the preferred threshold
between mild and moderate steatosis [20]. We adopted these fat
fraction thresholds of 5% and 15%, and used 10% to signify the
midway point between mild and moderate steatosis. Although
the prevalence of fat fraction greater than 20% was expected to
be low in a sample of healthy outpatients, we considered this to
signify a relatively more severe degree of steatosis.

Statistical Analysis

Sensitivity, specificity, PPV, NPV, and ROC curves for PDFF
thresholds of 5%, 10%, and 15% were calculated in Excel (Micro-
soft) spreadsheets. Starting from columns of unenhanced and
contrast-enhanced liver attenuations, the unenhanced attenua-
tions were first converted to MRI PDFF-equivalent fat fractions
using the calibration formula cited earlier. Each case was then
identified as positive or negative for steatosis according to the
selected PDFF thresholds (5%, 10%, or 15%). For each thresh-
old, true-positive, true-negative, false-positive, and false-nega-
tive results were determined to derive sensitivity, specificity, PPV,
NPV, and ROC curves. The ROC AUC was derived by summing
all 1204 elemental areas individually calculated using the trape-
zoid method [21]. The statistical significance of the difference be-
tween the AUCs for enhanced CT liver attenuation and enhanced
CT liver-spleen attenuation difference at each PDFF threshold
was evaluated using the method of Hanley and McNeil [22].

Results

The mean age (+ SD) of the 1204 healthy adults was 45.2 + 12.4
years. The sample included 478 men and 726 women. Accord-
ing to the unenhanced CT reference standard and the PDFF con-
version formula, the corresponding PDFF indicated 5% or great-
er (mild) steatosis in 50.1% (603/1204), 10% or greater steatosis
in 12.5% (151/1204), 15% or greater (moderate) steatosis in 4.8%
(58/1204), and 20% or greater steatosis in 1.4% (17/1204).

The automated tool was successfully run and provided a mea-
sure in all 1204 cases. Figure 1 shows scatterplots for both con-
trast-enhanced liver attenuation and liver-spleen attenuation
difference versus PDFF (derived from the unenhanced liver atten-
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uation). Prediction performance improved with greater degrees
of underlying hepatic steatosis. ROC AUC values for automated
contrast-enhanced liver attenuation alone in predicting PDFF
thresholds of 5%, 10%, and 15% were 0.669, 0.854, and 0.962, re-
spectively (Fig. 2A). ROC AUC values for contrast-enhanced liv-
er-spleen attenuation difference in predicting PDFF thresholds
of 5%, 10%, and 15% were 0.662, 0.866, and 0.986, respectively
(Fig. 2B). These ROC AUC values were not significantly different
between the two measures (p = .66, .54, and .19, respectively).

Figure 3 depicts bar graphs of PDFF or steatosis categories for
a variety of contrast-enhanced liver attenuation thresholds and
ranges. A total of 96.8% (90/93) of patients with a contrast-en-
hanced liver attenuation less than 90 HU had PDFF 5% or greater
(at least mild steatosis). A total of 96.8% (727/751) of patients with
a contrast-enhanced liver attenuation greater than 110 HU had
PDFF less than 10%. Table 1 provides more detailed performance
data for predicting steatosis categories according to relevant
contrast-enhanced liver attenuation thresholds. For example, to
predict moderate steatosis (PDFF > 15%), a contrast-enhanced
threshold of less than 90 HU achieved sensitivity of 75.9%, spec-
ificity of 95.7%, PPV of 47.3%, and NPV of 98.7%. To predict mod-
erate steatosis, increasing the CT threshold to 110 HU achieved
higher sensitivity of 98.3% but it resulted in a decreased specific-
ity of 65.5%, and decreasing the CT threshold to 80 HU achieved
higher specificity of 99.2% and decreased sensitivity to 55.2%.
To predict any degree of hepatic steatosis (PDFF > 5%), a con-
trast-enhanced threshold less than 120 HU achieved a sensitivi-
ty of 64.7% and a specificity of 52.1%; less than 100 HU achieved
sensitivity of 34.0% and specificity of 94.2%; and less than 80 HU
achieved a sensitivity of 6.8% and specificity of 100.0%.

Figure 4 depicts bar graphs of PDFF or steatosis categories fora
variety of contrast-enhanced liver-spleen attenuation difference
thresholds and ranges. A total of 93.8% (30/32) of patients with a
liver-spleen difference of 10 HU or less had PDFF of 15% or greater
(at least moderate steatosis). A total of 100.0% (15/15) of patients
with a liver-spleen attenuation difference of 20 HU or less had
PDF 15% or greater. A total of 86.8% (178/205) of patients with a
liver-spleen attenuation difference of less than 10 HU had PDFF
of 5% or greater (at least mild steatosis). Table 2 provides more
detailed performance data for predicting steatosis categories ac-
cording to relevant contrast-enhanced liver-spleen attenuation
difference thresholds. For example, to predict moderate steatosis
(PDFF = 15%), a contrast-enhanced liver-spleen attenuation dif-
ference threshold of less than 5 HU achieved sensitivity of 91.4%,
specificity of 95.0%, PPV of 48.2%, and NPV of 99.5%. To predict
any degree of hepatic steatosis (PDFF > 5%), a contrast-enhanced
liver-spleen attenuation difference of less than 10 HU achieved
sensitivity of 29.5% and specificity of 95.5%, and less than 0 HU
(i.e., liver attenuation less than that of the spleen) achieved sensi-
tivity of 10.8% and specificity of 100.0%.

Discussion

Although it has been shown that liver fat content can be esti-
mated on unenhanced CT scans using the linear conversion for-
mula with MRI-based PDFF, quantification at contrast-enhanced CT
remains elusive, owing to the complexities of hepatic contrast en-
hancement [10, 11]. Nonetheless, we found that categoric assign-
ment of fat content according to contrast-enhanced CT is feasible,
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Fig. 1—Scatterplots of contrast-enhanced CT showing attenuation versus estimated MRI-based proton density fat fraction (PDFF).
A and B, Scatterplots of liver attenuation (A) and liver-spleen attenuation difference (B) versus estimated PDFF according to unenhanced CT series. Plots are similar for

two contrast-enhanced CT attenuation measures.

especially for at least moderate steatosis. Using the contrast-en-
hanced liver attenuation alone performed well and is more straight-
forward than including splenic attenuation. As such, our data do
not clearly support the inclusion of splenic attenuation. Regardless,
distinction between normal and mild steatosis (i.e., around the 5%
PDFF threshold) remains a diagnostic challenge using contrast-en-
hanced CT attenuation with very low sensitivity. External validation
of our findings in a variety of practice settings is still needed.

The ability to use unenhanced CT as the reference standard
for liver fat content was advantageous. Put in context for routine
practice, the unenhanced CT thresholds for any steatosis (PDFF >

5%) and moderate steatosis (PDFF > 15%) correspond to 57 HU
and 40 HU, respectively, at 120 kVp tube potential. However, on
clinical patient scans, the relationship between unenhanced CT
attenuation and MRI PDFF weakens somewhat at lower levels of
fat content (e.g., = 5% PDFF) compared with performance in a
phantom model [11, 12]. Earlier work also showed lower agree-
ment between unenhanced CT and histopathology near the
threshold between normal and mild steatosis [23]. This may help
explain why contrast-enhanced CT performance in our study was
poorer around the 5% PDFF threshold. Although splenic attenua-
tion provides no additional value to liver attenuation for liver fat
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Fig. 2—ROC curves for predicting liver fat content from contrast-enhanced series.
A and B, ROC curves are shown for proton density fat fraction (PDFF)-equivalent thresholds of 5% (left), 10% (middle), and 15% (right) for enhanced liver attenuation (A)
and liver-spleen attenuation difference (B). Corresponding AUC values are similar for each steatosis threshold. Performance improves for greater degrees of steatosis.
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Fig. 2 (continued)—ROC curves for predicting liver fat content from contrast-enhanced series.
A and B, ROC curves are shown for proton density fat fraction (PDFF)-equivalent thresholds of 5% (left), 10% (middile), and 15% (right) for enhanced liver attenuation (A)
and liver-spleen attenuation difference (B). Corresponding AUC values are similar for each steatosis threshold. Performance improves for greater degrees of steatosis.

quantification at unenhanced CT, it has shown variable utility af-
ter IV contrast enhancement expressed either as a ratio or differ-
ence with liver attenuation [16, 24-27].

Otherinvestigators have also studied the ability of contrast-en-
hanced hepatosplenic attenuation to predict hepatic steato-
sis, typically with a manual ROI technique and a histopathologic
reference standard [25-27]. As with our findings, the results are
generally reported in categoric terms (e.g., normal versus mild
or moderate steatosis) and not as a continuous percentage. One

study found that a liver-spleen attenuation difference of -19 HU
was the optimal cutoff for moderate steatosis, as defined by 30%
or greater lipid droplets at histopathology [25]. However, another
study showed that the absolute contrast-enhanced liver attenu-
ation alone performed better than the liver attenuation normal-
ized to spleen, either by an absolute difference or ratio [26]. Yet
another study found that the rate and timing of contrast mate-
rial injection significantly influenced the optimal liver-spleen
attenuation threshold for diagnosing fatty liver [27].
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Fig. 3—Bar graphs depict liver fat content
categories according to various thresholds of
CT-estimated equivalent of proton density fat
fraction (PDFF) estimated at CT and ranges for
contrast-enhanced liver attenuation value, including
attenuation greater than 110 HU (top left), 90-110 HU
(top right), less than 90 HU (bottom left), and less than
80 HU (bottom right).
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TABLE 1: Sensitivity, Specificity, PPV, and NPV for Various Thresholds of Contrast-Enhanced CT Liver

Attenuation to Predict Liver Fat Content According to Proton Density Fat Fractions (PDFF) Equivalent

PDFF > 5% PDFF > 10% PDFF > 15%
Attenuation (HU)? Sens Spec PPV NPV Sens Spec PPV NPV Sens Spec PPV NPV
80 6.8 100.0 100.0 517 25.8 99.8 95.1 90.4 55.2 99.2 78.1 97.8
90 14.9 99.5 96.8 53.8 444 97.5 72.0 924 759 95.7 47.3 98.7
95 22.7 98.3 93.2 559 56.3 94.1 57.8 93.8 879 91.6 34.7 99.3
100 340 94.2 85.4 58.7 70.2 873 44.2 95.3 96.6 839 233 99.8
105 42.0 874 76.9 60.0 77.5 79.9 35.6 96.1 96.6 76.2 17.0 99.8
110 509 757 67.8 60.6 84.1 69.0 28.0 96.8 98.3 65.5 12.6 99.9
115 58.2 64.6 62.2 60.6 88.1 59.1 236 97.2 98.3 55.8 10.1 99.8
120 64.7 521 575 59.5 90.7 48.5 20.2 97.3 98.3 45.8 8.4 99.8

Note—Values are percentages. Sens = sensitivity, Spec = specificity.

2Contrast-enhanced CT liver attenuation measured by automated volumetric deep learning tool.

Dual-energy CT (DECT) offers another potential solution to
quantifying liver fat at contrast-enhanced CT. As with splenic at-
tenuation assessment, DECT does not improve on unenhanced
single-energy CT for liver fat quantification, except potentially in
cases of superimposed iron overload or amiodarone therapy [10,
28-31]. However, in the setting of iodinated contrast material, a
multimaterial decomposition approach has provided direct liv-

er fat quantification in experimental studies [31, 32]. A more sim-
plistic clinical DECT approach consists of deriving virtual unen-
hanced images that if closely matched to true unenhanced liver
attenuation would provide fat quantification. In practice, howev-
er, the fidelity of virtual unenhanced image matching with the
true unenhanced attenuation values can vary according to scan-
ner vendor and model [33, 34].
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Fig. 4—Bar graphs depict liver fat content categories according to various thresholds of CT-estimated equivalent for proton density fat fraction (PDFF) estimated at CT
and ranges for contrast-enhanced liver-spleen attenuation differences, including greater than 10 HU (top left), 0-10 HU (top middle), less than 10 HU (top right), less than

0 HU (bottom left), less than =10 HU (bottom middle), and less than —20 HU (bottom right).
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TABLE 2: Sensitivity, Specificity, PPV, and NPV for Various Thresholds of Contrast-Enhanced CT
Liver-Spleen Attenuation to Predict Liver Fat Content According to Proton Density Fat
Fractions (PDFF) Equivalent

PDFF > 5% PDFF > 10% PDFF > 15%

Attenuation (HU)® Sens Spec PPV NPV Sens Spec PPV NPV Sens Spec PPV NPV
-10 53 100.0 100.0 51.3 21.2 100.0 100.0 89.9 517 99.8 93.8 97.6

-5 8.0 100.0 100.0 52.0 311 99.9 979 91.0 70.7 99.4 854 98.5

0 10.8 100.0 100.0 52.8 4.1 99.7 954 92.2 79.3 98.3 70.8 99.0

5 17.6 99.3 96.4 54.6 55.0 97.4 75.5 93.8 914 95.0 48.2 99.5

10 29.5 95.5 86.8 575 68.2 90.3 50.2 95.2 98.3 87.1 27.8 99.9

15 45.1 82.2 71.8 59.9 80.8 75.6 32.2 96.5 100.0 720 15.3 100.0

20 63.2 574 59.8 60.9 90.1 524 214 974 100.0 49.5 9.1 100.0
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Note—Values are percentages. Sens = sensitivity, Spec = specificity.

2Attenuation indicates contrast-enhanced CT liver-spleen absolute attenuation difference according to automated volumetric deep learning tool.

Whether as cause or effect, NAFLD is related to diabetes, obesi-
ty, hyperlipidemia, and metabolic syndrome [6]. The presence of
at least mild steatosis (PDFF = 5%) is remarkably common among
adults in the United States and other industrialized populations
and is a largely asymptomatic condition. The 50% prevalence of
hepatic steatosis in our sample of healthy adults undergoing po-
tential renal donation is similar to the prevalence of 52% in a re-
cent study of more than 10,000 CT colonography examinations in
healthy adults undergoing colorectal cancer screening [8]. That
prior sample, which was older on average (mean age of 57 years
vs 45 years for the current sample) did show a higher prevalence
of moderate or severe steatosis (10% according to PDFF > 14%)
compared with our current sample (5% according to PDFF > 15%).
The prevalence of hepatic steatosis is lower, typically around 20-
25%, when estimated using liver enzyme elevation or ultrasound
rather than CT [35].

Arecent study found a weak correlation between hepatic ste-
atosis and body mass index (BMI), which implies that fatty liv-
er cannot be reliably inferred from body habitus [8]. Although
hepatic and visceral fat are not defining criteria for metabol-
ic syndrome, they appear to provide valuable information be-
yond BMI and may ultimately provide an improved definition of
metabolic syndrome [5-6]. Another recent study showed that
automated CT-based assessment of hepatic steatosis was pre-
dictive of future adverse events, including major cardiovascular
events and mortality [36]. Automated CT-based assessment of
these key abdominal fat measures could be used for opportu-
nistic NAFLD and metabolic syndrome screening, regardless of
the reason for the scan.

Large volumes of abdominal CT examinations are performed
each year, presenting an opportunity to screen for many condi-
tions beyond the primary imaging indication [13]. In addition to
providing an opportunity to evaluate hepatic steatosis, CT can
also allow the noninvasive evaluation of the liver for fibrosis and
hemochromatosis [15-17, 29, 37-41]. Beyond the liver and meta-
bolic syndrome, other opportunistic screening situations include
screening for osteoporosis and associated fractures, abdominal
aortic calcification and aneurysm, sarcopenia, and cancer [42—
46]. Many of these opportunistic tasks can be automated through
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artificial intelligence, which avoids the subjectivity and time con-
straints related to manual measurements [47].

We acknowledge limitations to this investigation. All scans were
derived from a single academic institution using scanners from a
single CT vendor. The contrast-enhanced phase used in this study
was not a pure portal venous acquisition. However, the scanning
protocol ensured adequate timing for liver parenchymal enhance-
ment, whereas the portal venous phase can be obtained too ear-
ly in some patients. Nonetheless, further external validation of
this automated tool is warranted in diverse patient populations,
with additional scanning protocols including a true portal venous
phase, and with other CT vendors. Our reference standard for liv-
er fat quantification was established using unenhanced CT, for
which a previously validated formula was used to convert to an
MRI-based PDFF equivalent. This approach may also warrant val-
idation in a wider variety of practice settings. However, advantag-
es over histopathologic correlation of using MRI-based PDFF, and
by extension unenhanced CT, as a reference standard include its
precision, objectivity, wider sampling, and noninvasiveness. Final-
ly, inclusion of intrahepatic vessels in the automated liver segmen-
tation may affect liver attenuation estimation. For unenhanced
CT, this may partially explain the mean 2.7 attenuation difference
between manual and automated techniques [8]. For contrast-en-
hanced CT, the impact of vessel inclusion should be greater with
higher degrees of steatosis, given a more pronounced difference
between enhanced vessel and parenchyma. Nonetheless, we be-
lieve the impact of vessel inclusion to be very small.

In conclusion, contrast-enhanced hepatic and splenic attenu-
ation derived using a fully automated deep learning volumetric
segmentation CT tool allowed adequate categoric assessment
of hepatic steatosis, especially at higher PDFF levels. The con-
trast-enhanced liver attenuation alone performed reasonably
well, potentially precluding the need for splenic attenuation con-
sideration. This automated approach could prove useful for both
individualized and population-based assessments for NAFLD if
our findings are confirmed by other groups.
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Editorial Comment on “Liver Steatosis Categorization on Contrast-Enhanced CT Using a Fully Automated
Deep Learning Volumetric Segmentation Tool: Evaluation in 1204 Healthy Adults Using Unenhanced CT as a

Reference Standard”

Nonalcoholic fatty liver disease (NAFLD) is becoming the lead-
ing cause of chronic liver disease in the United States and world-
wide with approximately one-third of patients having progres-
sive fibrosis [1]. Unlike those with other causes of chronic liver
disease (with more clear risk factors, usually diagnosed on clinical
grounds), patients with NAFLD have nonspecific and less distinct
risk factors. Hence, imaging-based detection of hepatic steatosis
has become one of the main pillars of diagnosis of NAFLD. Addi-
tionally, imaging often serendipitously reveals hepatic steatosis in
unsuspected cases (referred to as opportunistic detection of ste-
atosis) given the high prevalence of this disease, triggering clini-
cal and laboratory workup [2]. MRI (specifically MRI-based proton
density fat fraction) is established as the imaging modality with
utmost accuracy for detection and quantification of hepatic ste-
atosis, whereas sonography, although less accurate, is considered
the first-line imaging in cases of clinically suspected NAFLD (giv-
en the lower cost and easier availability) [3]. Realistically, the main
role of CT in NAFLD is for opportunistic diagnosis of hepatic ste-
atosis in individual patients and for population-based studies, giv-
en the wider use of CT for a myriad of diseases. Therefore, gain-
ing a better understanding of CT performance and setting better
criteria for detection of hepatic steatosis remain of high impor-
tance. The currently used criteria for CT-based detection of mod-
erate-to-severe hepatic steatosis calls for use of the unenhanced

phase with 120-kVp conventional CT technique. Additional large-
sample-size studies similar to this study are needed to enhance
our knowledge of performance of CT for detection and categor-
ic assessment of hepatic steatosis and to better understand the
influence of phase of enhancement, tube voltage, CT technique
(conventional versus spectral CT), and reconstruction algorithms.
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