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Abstract

Objectives To compare the performances of CT indices for diagnosing hepatic steatosis (HS) and to determine and validate the

CT index cut-off values.

Methods Three indices were measured on non-enhanced CT images of 4413 living liver donor candidates (2939 men, 1474

women; mean age, 31.4 years): hepatic attenuation (CTy), hepatic attenuation minus splenic attenuation (CT} g), and hepatic

attenuation divided by splenic attenuation (CTy 5). The performances of these CT indices in diagnosing HS, relative to pathologic

diagnosis, were compared in the development cohort of 3312 subjects by receiver operating characteristic (ROC) analysis. The

cut-off values for diagnosing HS > 33% in the development cohort were determined at 95% specificity and 95% sensitivity using

bootstrap ROC analysis, and the diagnostic performance of these cut-off values was validated in the test cohort of 1101 subjects.

Results CT; g showed the highest performance for diagnosing HS > 5% and HS > 33% (areas under the curve (AUCs) = 0.737

and 0.926, respectively), followed by CTy,5 (AUCs = 0.732 and 0.925, respectively) and CTy (AUCs = 0.707 and 0.880,

respectively). For CT scans using 120 kVp, the CTy g cut-off values for highly specific (i.e., —2.1) and highly sensitive (i.e.,

7.6) diagnosis of HS >33% resulted in a specificity of 96.4% with a sensitivity of 64.0% and a sensitivity of 97.3% with a

specificity of 54.9%, respectively, in the test cohort.

Conclusion CT indices using liver and spleen attenuations have higher performance for diagnosing HS than indices using liver

attenuation alone. The CTy g cut-off values in this study may have utility for diagnosing HS in clinical practice and research.

Key Points

* CTindices based on both liver attenuation and spleen attenuation (CTy_s and CTy,s) have higher diagnostic performance than
CT} based on liver attenuation alone in diagnosing HS using various CT techniques.

* The CTindex cut-off values determined in this study can be utilized for reliable diagnosis or to rule out subjects with moderate
to severe HS in clinical practice and research, including the selection of living liver donors and the development of cohorts with
HS or healthy controls.
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Abbreviations
AUROC  Areas under the receiver operating
characteristic curve

ClI Confidence interval
CT Computed tomography
CT. Hepatic attenuation

CT_s Hepatic attenuation minus splenic attenuation
CTys Hepatic attenuation divided by splenic attenuation
HS Hepatic steatosis

NAFLD Non-alcoholic fatty liver disease
ROC Receiver operating characteristic
ROI Region of interest
Introduction

The diagnosis of hepatic steatosis (HS) is an important clinical
issue, as HS is a component of non-alcoholic fatty liver dis-
ease (NAFLD), a condition that may progress to liver cirrhosis
and hepatocellular carcinoma [1-4]. HS is associated with
metabolic syndrome [5, 6], and HS in donor livers can affect
the prognosis of liver transplantation recipients [7]. Due to its
high prevalence and asymptomatic presentation, however, HS
is often overlooked in healthy controls selected for clinical
trials, an omission that may affect the validity of study find-
ings [8]. Because of the invasiveness of liver biopsy, imaging
methods are non-invasive alternatives for assessing HS. In
particular, MR is currently considered the most accurate im-
aging technique for the diagnosis of HS [9, 10].

Computed tomography (CT) can also detect HS. Frequently
used indices include hepatic attenuation (CTy), hepatic attenu-
ation minus splenic attenuation (CT}_g), and hepatic attenuation
divided by splenic attenuation (CTys) [9-20]. Although CT is
not accurate in assessing mild HS [10], it may allow for highly
specific diagnosis of moderate to severe HS [16, 18]. Since CT
is widely available and frequently performed in clinical practice
for various clinical indications, pre-existing retrospective CT
data may be used to develop a large patient cohort with HS.
Therefore, CT has been used to detect moderate to severe HS in
living liver donor candidates [10, 20] and to identify subjects
with clinically significant HS in cohort studies and in clinical
trials evaluating the prevalence, natural history, prognosis, and
treatment of NAFLD [11, 21-26].

However, until now, neither the accuracy of CT indices nor
the cut-off values have been clearly determined. Recent stud-
ies have reported normal reference ranges for CTy g and CTy
cut-off values, resulting in a specific diagnosis of moderate to
severe HS [17, 18]; however, they included relatively small
samples and lacked external validation, limiting their general-
ization. Given a limited overall accuracy of CT [10], CT
would not allow for the diagnosis of HS with both high sen-
sitivity and specificity. Thus, for CT to be used for ruling-in or
ruling-out HS, cut-off values of CT indices that result in
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highly specific or highly sensitive diagnoses of HS would be
more clinically relevant than CT indices that diagnose HS
through a balance of sensitivity and specificity.

The rationale of this study was to evaluate the diagnostic
performance of three CT indices in a large cohort of adults
with biopsy-proven HS, as well as determining and validating
cut-off values of these CT indices for the highly sensitive or
highly specific diagnosis of HS.

Materials and methods

This study was approved by the institutional review board of
our institution, which waived the requirement for informed
consent due to the retrospective nature of this study.

Study population

The medical records of the 6365 living liver donor candidates
who underwent donor work-up at our institution between
April 2001 and October 2016 were reviewed retrospectively
to identify subjects aged > 18 years who underwent
ultrasound-guided percutaneous liver biopsy, along with CT
within 3 days of liver biopsy. Of the 4637 eligible subjects,
224 were excluded (109 because their pathology reports did
not include the degree of HS, 79 because of a history of excess
alcohol consumption, 17 because liver disease was incidental-
ly detected on biopsy or serologic tests, and 19 because of
conditions that precluded measurement of CT indices, includ-
ing 15 subjects with unavailable non-enhanced CT images,
two with numerous hepatic cysts, and two who had undergone
splenectomy). The study population consisted of 4413 sub-
jects (2939 men and 1474 women; mean age, 31.4+
9.4 years). The study population was randomly divided 3:1
into development (n =3312) and test (n = 1101) cohorts. The
flow diagram for the study population is shown in Fig. 1.

CT protocol and image analysis

Because the CT data in this study were collected over a long
period, various CT techniques were used. CT scans were per-
formed using four-channel (LightSpeed Qx/I; GE Medical
Systems; n=410), 16-channel (LightSpeed 16; GE Medical
Systems or Sensation 16; Siemens; n=3093), 64-channel
(Definition AS; Siemens; n=2846), and 128-channel
(Definition Flash; Siemens; n =64) scanners. Non-enhanced
CT images were obtained at beam collimations of 4 x 2.5 mm
(LightSpeed Qx/I), 8 x 2.5 mm (LightSpeed 16), 16 x 1.5 mm
(Sensation 16), 24 x 1.2 mm (Definition AS), and 64 x 0.6 mm
(Definition Flash); a spiral pitch of 1 to 1.5; tube voltages of
120 kVp (n=3621) and 100 kVp (n=792); and tube currents
0f 200 mAs (GE scanners) or variable mAs (Siemens scanners)
with an automatic exposure control (Care Dose 4D; Siemens; a
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Fig. 1 Flow diagram of the study
population

Living liver donor candidates who underwent ultrasound-guided
liver biopsy from April 2001 to October 2016

(n = 6365)

CT performed within 3 days of liver biopsy

Eligible subjects (n = 4637)
Age 2 18 years

— Excluded (n=224)

No pathologic report of the degree hepatic steatosis (n = 109)
History of excess alcohol consumptions (n = 79)

Incidental liver diseases found at biopsy or serologic tests (n = 17)
Non-enhanced CT not performed (n = 15)

Numerous hepatic cysts (n = 2)

Post-splenectomy state (n = 2)

Study population (n = 4413)

l

l

(n=3312)

Development cohort

Test cohort
(n=1101)

maximum effective dose of 200 mAs). Axial images were re-
constructed at section thicknesses of 3 mm (n =81), 5 mm (n =
4207), and 10 mm (n = 125), with no gaps.

Image analysis

Liver and spleen attenuation values on non-enhanced CT images
were measured by one of two radiology technicians using in-
house software built as a plug-in to ImageJ (National Institutes
of Health, Bethesda). Liver attenuation was measured by aver-
aging the Hounsfield units (HU) of eight 1.5-cm? circular regions
of interest (ROIs) placed in the right hepatic lobe. Splenic atten-
uation was obtained by averaging HU values of three 1.5-cm?
circular ROIs placed in the upper, middle, and lower thirds of the
spleen. The CT images with the ROIs were screen captured and
re-evaluated by an abdominal imaging fellow (B.J.) to reconfirm
the adequacy of ROI locations. Detailed methods of image anal-
ysis are presented in Figure E1 and the Appendix. The three CT
indices were calculated from the attenuation values of the liver
(CTy) and spleen (CTsg), with CTy = the attenuation value of the
hVeI', CTL—S = CTL - CTs, and CTL/S = CTL/ CTS

Reference standard

The pathologic degree of HS was defined as the reference stan-
dard. Briefly, all subjects underwent US-guided percutaneous
liver biopsy using an 18-gauge needle (Stericut 18G coaxial,
TSK Laboratory), with at least two biopsy specimens measuring
approximately 1.5 cm in length each obtained from different
sites in the central portion of the right hepatic lobe, approximate-
ly between hepatic segments V, VI, VII, and VIII. The biopsy
specimens were stained with hematoxylin and eosin, and the
degree of HS was visually assessed as the percentage of liver

parenchyma replaced by macrovesicular steatotic droplets.
Based on the percentage of macrovesicular steatosis in patho-
logic reports, HS was retrospectively graded as none (< 5%),
mild (5-33%), moderate (34—66%), or severe (> 66%) accord-
ing to the non-alcoholic steatohepatitis Clinical Research
Network scoring system [27] by one radiologist (S.S.L.).

Statistical analysis

Continuous variables in the development and test cohorts
were compared using the Mann-Whitney U test because of
their non-normal distribution, and categorical variables were
compared using chi-square tests. The ability of the three CT
indices (CTy, CTys, and CTy s) to diagnose all degrees of HS
(HS > 5%) and moderate to severe HS (HS > 33%) was eval-
uated in the entire study population by receiver operating
characteristic (ROC) analysis, with areas under the ROC
curves (AUROC) compared using Delong’s method [28].
The correlation between CT indices and the pathologic degree
of HS was evaluated by linear regression analysis, with cor-
relation coefficients compared using the z-test. The confound-
ing effects of CT techniques on the CT indices were assessed
by multivariable linear regression analysis, which included the
pathologic degree of HS, CT vendors, CT tube voltage, and
CT slice thickness as independent variables.

In our study, two cut-off values were selected for each CT
index: one for reliable, highly specific diagnosis of HS and the
other for reliable elimination of most subjects with HS.
Therefore, CT index cut-off values for diagnosing HS >5%
and > 33% with 95% specificity or 95% sensitivity were de-
termined, along with 95% confidence intervals (Cls), by ROC
analysis with 1000-fold bootstrapping in the development co-
hort. These cut-off values were used to calculate the
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sensitivities, specificities, and accuracies in the development
and test cohorts. To estimate the possibility of HS at a given
CT__g value, the proportions of subjects with HS > 5% and HS
>33% and their 95% Cls were assessed in the development
cohort according to 12 CTy _g ranges (ten ranges evenly divid-
ed from a CTy g value of — 15 to a CTy _g value of 15, CTy g
> 15, and CT| g <— 15) and compared with the proportions of
subjects with HS observed in the test cohort. The Bonferroni
correction (i.e., multiplying the p value by the number of
comparisons) was utilized for multiple comparisons. All sta-
tistical analyses were performed using SPSS software (version
21.0; IBM Corp.) and R studio software (version 1.1.383; R
Foundation for Statistical Computing), with p values less than
0.05 considered statistically significant.

Results

Baseline characteristics of subjects
in the development and test cohorts

The characteristics of the study population are summarized in

Table 1. Of the 4413 subjects, 1916 (43.4%) had clinically
relevant HS (i.e., HS > 5%), with 1534 (34.8%), 335 (7.6%),

Table 1 Characteristics of the study population

and 47 (1.1%) subjects having mild, moderate, and severe HS,
respectively. These percentages were similar in the develop-
ment and test cohorts, and there were no significant differ-
ences in any clinical characteristic between the development
and test cohorts (p>0.07).

Comparison of CT indices in the development cohort

Among the three CT indices, CTy g showed the highest per-
formance for the diagnosis of HS (Fig. 2, Table E1). The
AUROC values of CTy, CT;_g, and CTy 5 were 0.707,
0.737, and 0.732, respectively, for diagnosing HS >5% and
0.880, 0.926, and 0.925, respectively, for diagnosing HS
> 33%. The AUROC values for CTy_g were significantly higher
than those for CTy in diagnosing HS >5% (p < 0.001) and HS
>33% (p<0.001) and for CTy 5 in diagnosing HS >5%
(p<0.001). CTys also showed significantly higher AUROC
values than CTy, for diagnosing HS >5% (p <0.002) and HS
>33% (p <0.001). CTy_g (r=0.58) showed the strongest corre-
lation with the pathologic degree of HS, followed by CTy 5 (r=
0.559) and CTy_ (= 0.526), with the difference between CT; g
and CTy being statistically significant (p < 0.001).

CTy g and CT} 5 appeared to be less influenced by CT tech-
niques than CTy.. Multivariable linear regression analyses showed

Characteristics Total Development cohort Test cohort p value
No. of subjects 4413 3312 1101
Age (years) 31.4+9.4 (18, 62) 31.6+9.3 (18, 62) 31.1£9.5 (18, 60) 0.07*
Sex (male) 2939 (66.6%) 2206 (66.6%) 733 (66.6%) 0.98°
Hepatic steatosis 1.00°
No 2497 (56.6%) 1873 (56.6%) 624 (56.7%)
Mild 1534 (34.8%) 1151 (34.8%) 383 (34.8%)
Moderate 335 (7.6%) 252 (7.6%) 83 (7.5%)
Severe 47 (1.1%) 36 (1.1%) 11 (1.0%)
CT vendor 0.36°
Siemens 2873 (65.1%) 2153 (65.0%) 720 (65.4%)
GE 1540 (34.9%) 1159 (35.0%) 381 (34.6%)
CT tube voltage 0.17°
120 kVp 3621 (82.1%) 2733 (82.5%) 888 (80.7%)
100 kVp 792 (17.9%) 579 (17.5%) 213 (19.3%)
CT slice thickness 0.56
3 mm 81 (1.8%) 58 (1.8%) 23 (2.1%)
5 mm 4207 (95.3%) 3164 (95.5%) 1043 (94.7%)
10 mm 125 (2.8%) 90 (2.7%) 35(3.2%)
CT index values
CT, 59.0+7.7 (- 1.8,91.5) 59.0+7.8 (—1.8,91.5) 59.0+7.7 (17.5, 80.5) 0.79°
CTLs 6.6+7.4 (—53.1,26.7) 6.6+7.5(—53.1,26.7) 6.8+7.2(—34.8,25.7) 0.41*
CTrs 1.1+0.1 (—0.04, 1.7) 1.1+0.2 (—0.04, 1.7) 1.1+0.1 (0.3, 1.6) 0.37°

Results are reported as mean + standard deviation (range) or the number (%) of subjects

? p value was obtained using the Mann-Whitney U test

® p value was obtained using the chi-square test
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Fig. 2 Receiver operating 100

characteristics curves showing the
performance of CTy, CTy g, and
CTy s in diagnosing hepatic
steatosis > 5% (a) and hepatic
steatosis > 33% (b)
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that CTy, was significantly influenced by CT vendor (p < 0.001),
tube voltage (p < 0.001), slice thickness (p < 0.001), and the path-
ologic degree of HS (p <0.001). By contrast, CT| g and CTg
were affected only by tube voltage (p =0.001 and p =0.003, re-
spectively) and the pathologic degree of HS (» < 0.001 for both)
but not by CT vendor (p =0.159 and p =0.206, respectively) or
slice thickness (p =0.11 and p =0.329, respectively).

Because of its superior diagnostic accuracy and relative
robustness to different CT techniques than the other CT indi-
ces, CT_g was selected as the main CT index for further
analysis in this study.

CT..s cut-off values and corresponding diagnostic
performances in the development cohort

Figure 3 shows the histograms of CTy g values in the devel-
opment cohort according to the pathologic grades of HS, pre-
sented separately for subjects with CT performed using
120 kVp (n=2733) and 100 kVp (n=1579) tube voltages. At
both tube voltages, CTy g values overlapped considerably for
different pathologic grades of HS, especially between no HS
and mild HS. The mean CT} g values in subjects with no HS

100-Specificity

100-Specificity

were significantly higher for 100 kVp (10.6 +4.9) than those
for 120 kVp (9.0£4.6, p <0.001).

Table 2 summarizes the CT} g cut-off values for diagnosing
HS with 95% specificity (i.e., cut-off values for reliable diagnosis
of HS) and with 95% sensitivity (i.e., cut-off values for reliable
elimination of HS), and their corresponding diagnostic perfor-
mances in the development cohort. Because CT tube voltage
had a significant effect on CT;_g values, CTy_g cut-off values were
determined separately for 120 kVp and 100 kVp. The CT g
criteria for the diagnosis of HS > 5% with 95% specificity, < 1.3
for 120 kVp and < 3.7 for 100 kVp, had sensitivities of 33.9% and
38.7%, respectively. The CTy_g criteria for the diagnosis of HS
> 5% with 95% sensitivity, <13.6 for 120 kVp and < 15.2 for
100 kVp, resulted in specificities of 15.7% for 120 kVp and
19.2% for 100 kVp; this means that the use of CT; g criteria
of > 13.6 for 120 kVp and > 15.2 for 100 kVp can rule out 95%
of subjects with HS > 5% while excluding 84.3% or 80.8% (i.e.,
1-specificity) of non-steatotic subjects. The CTy_g criteria for the
diagnosis of HS >33% with 95% specificity, <—2.1 for
120 kVp and <—3.9 for 100 kVp, had sensitivities of 64.0%
and 90.0%, respectively, whereas the criteria for the diagnosis of
HS > 33% with 95% sensitivity, < 7.6 for 120 kVp and < 1.6 for

600
120 kVp (n = 2733)

5007 | No HS (n = 1545)
B Mild HS (n = 930)

| [l Moderate to severe HS
(n=258)
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Fig. 3 Histogram of CT} g values according to the pathologic grades of
HS in subjects in the development cohort who underwent CT at tube
voltages of 120 kVp (a) and 100 kVp (b). Vertical reference lines
indicate CT|_g cut-off values for diagnosing hepatic steatosis > 5% with

10 20 30 40

"4 80 40 3 20 A0 0
CTis
95% specificity (solid black line) and 95% sensitivity (dashed black line)
and for diagnosing hepatic steatosis > 33% with 95% specificity (solid red
line) and 95% sensitivity (dashed red line)
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CTyL s cut-off values and their ability to diagnose hepatic steatosis in the development cohort

Table 2
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=579)

Subjects who underwent CT at 100 kVp (n

2733)

Subjects who underwent CT at 120 kVp (n

Diagnostic settings

Accuracy

Sensitivity Specificity

CT; g cut-off values*

Accuracy

Specificity

Sensitivity

CT) _g cut-off values*

Diagnosis of HS > 5%

70.6% (409/579)
52.2% (307/579)

95.1% (312/328)

19.2% (63/328)

38.7% (97/251)
95.2% (239/251)

13(0.8,2.1) 33.9% (403/1188)  95.0% (1469/1545)  69.0% (1872/2733) 3.7 (2.7,4.2)
50.2% (1371/2733)

13.6 (12.9, 14.0)

With 95% specificity

15.2 (14.1, 16.6)

15.7% (242/1545)

95.0% (1129/1188)

With 95% sensitivity
Diagnosis of HS >33%

97.2% (563/579)
91.3% (529/579)

92.0% (2523/2733) —3.9(—4.4,0.8) 90.0% (27/30) 97.6% (536/549)
96.7% (29/30) 91.1% (500/549)

58.2% (1590/2733)

64.0% (165/258) 95.0% (2358/2475)
95.3% (246/258) 54.3% (1344/2475)

—2.1(-2.9,-12)

With 95% specificity

1.6 (—4.4, 1.8)

7.6 (6.0, 9.0)

With 95% sensitivity

Unless otherwise specified, data are percentages, with the number of subjects used to calculate the percentage in parentheses. Percentages were rounded

HS hepatic steatosis

*Data are CTy g cut-off values, and data in parentheses are 95% confidence intervals. Dual CTy g cut-off values were determined for either a highly specific diagnosis of HS (with 95% specificity) or a

reliable elimination of HS (with 95% sensitivity)

100 kVp, had specificities of 54.3% and 91.1%, respectively.
For comparison, the cut-off values for CT; and CTy g are shown
in Tables E2 and E3, respectively.

Diagnostic performances of CT, s cut-off values
in the test cohort

Table 3 summarizes the results of validation of the CTj _g cut-off
values in the test cohort. At a tube voltage of 120 kVp (n = 888),
the CTy_g cut-off values for diagnosing HS > 5% and HS > 33%
in the development cohort performed similarly in the test cohort,
with the intended 95% sensitivity or 95% specificity achieved in
all diagnostic tasks except for diagnosing HS >5% with 95%
sensitivity (i.e., the actual sensitivity was 93.6%). However, the
validation results at a tube voltage of 100 kVp were less consis-
tent in the test cohort (n =213) than in the development cohort,
with the intended 95% sensitivity or 95% specificity not
achieved in diagnosing HS > 5% with 95% specificity (i.e., the
actual specificity was 92%) and in diagnosing HS >33% with
95% sensitivity (i.e., the actual sensitivity was 89.5%).

Probability of hepatic steatosis according to CT,
value

Figure 4 depicts the plots of the estimated possibilities of HS
>5% and HS > 33% as a function of CTy g in the development
cohort and the proportion of the subjects with HS in the test
cohort (data presented in Tables E4 and E5). At a tube voltage
of 120 kVp, the observed proportions of subjects with HS
>5% and HS >33% in the test cohort were within the 95%
ClIs of the estimated possibilities of HS for 11 of the 12 CTy_g
ranges. However, the results obtained at a tube voltage of
100 kVp were less reliable than those for 120 kVp, with the
proportions of subjects with HS >5% and HS >33% in the
test cohort being outside the 95% Cls of the estimated possi-
bilities of HS in two of the 12 CTy g ranges.

Discussion

This study demonstrated that CT indices combining liver at-
tenuation and spleen attenuation (CTy_g and CTy /) were su-
perior to liver attenuation alone in diagnosing HS and were
less affected by technical settings. A previous study of 88
patients, reporting that CT;, was more strongly correlated with
the pathologic degree of HS than either CTy g or CTy 5 [29],
was conducted on a single CT machine, whereas our study
used many different devices. The relative robustness of CTy g
and CTy g to different CT techniques compared with CTy, as
shown in our results, may have resulted in better performance
of CT s and CTy 5 than CTy in our study and may explain the
discrepant results between our study and the previous study. In
our study, CTy_g had significantly higher performance for
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Table 3  Diagnostic performance of CT|_g to diagnose hepatic steatosis in the test cohort
Diagnostic settings CT performed at 120 kVp (n =888) CT performed at 100 kVp (n=213)
Sensitivity Specificity Accuracy Sensitivity Specificity Accuracy

Diagnosis of HS > 5%

With 95% specificity — 32.7% (123/376)  97.0% (495/512)  70.0% (618/888)  46.5% (47/101)  92.0% (103/112)  70.0% (150/213)

With 95% sensitivity ~ 93.6% (352/376)  17.0% (87/512) 49.4% (439/888)  98.0% (99/101)  10.7% (12/112) 52.1% (111/213)
Diagnosis of HS >33%

With 95% specificity ~— 64.0% (48/75) 96.4% (784/813)  93.7% (832/888)  73.7% (14/19) 97.9% (190/194)  95.8% (204/213)

With 95% sensitivity ~ 97.3% (73/75) 54.9% (446/813)  58.4% (519/888)  89.5% (17/19) 92.3% (179/194)  92.0% (196/213)

Unless otherwise specified, data are percentages, with the number of subjects used to calculate the percentage in parentheses. Percentages were rounded.
Diagnostic performances in the test cohort were evaluated using the CTy g cut-off values determined in the development cohort

HS hepatic steatosis

diagnosing HS >5% than CTy 5. Because both CT indices
incorporate spleen attenuation as the internal reference, the
reason for the higher performance of CTy g than CTy g re-
mains unclear. One possible explanation for this finding may
be a wider dynamic range of CTy g (i.e., —53.1~26.7) than

114

mild HS

from no HS.

that of CTy 5 (i.e., —0.04 to 1.7) values, which may have
resulted in CTy_g being better than CTy /g at distinguishing

Our results suggested that CT is not reliable to detect or rule
out mild HS (HS >5%) because of its low overall accuracy
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and combination of either very low sensitivity with high spec-
ificity or low specificity with high sensitivity. However, CT
may be used to identify subjects with moderate to severe HS.
The CTy g cut-off values — 2.1 for a tube voltage of 120 kVp
and — 3.9 for a tube voltage of 100 kVp resulted in the diag-
nosis of moderate to severe HS with 95% specificity and 64—
90% sensitivity. These criteria may be used to screen out do-
nor candidates who are not appropriate for liver donation or to
identify a cohort of subjects with moderate to severe HS for
clinical research. By contrast, the CTy g cut-off values for the
diagnosis of moderate to severe HS with 95% sensitivity were
7.6 for a tube voltage of 120 kVp and 1.6 for a tube voltage of
100 kVp in our study, which was associated with 54.3-91.7%
specificity. Thus, by excluding 95% of subjects with moderate
to severe HS, these CTy g cut-off values may be utilized to
identify a normal control group for clinical studies.

The effects of CT tube voltage on CTy_g values suggest the
need for kVp-specific CTy g cut-off values for diagnosing HS.
Although our validation results for 100 kVp in the test cohort were
not as strong as those for 120 kVp, the CTy g cut-off values
specific to 100 kVp would be clinically useful because low-
voltage CT imaging is increasingly popular for dose reduction
purpose [30, 31]. In addition, we estimated the probability of HS
> 5% and HS > 33% according to CT}_g range in the development
cohort. At 120 kVp, the actual proportion of subjects with HS
> 5% and HS > 33% according to CTy g range in the test cohort
closely matched the estimated probability of HS in the develop-
ment (Fig. 4, Table E4), suggesting that these data may be useful
in determining the likelihood of HS at a given CTy_g value.

This study had several limitations. First, the study population
was derived from hepatic donor candidates, mostly young,
healthy, and lean, and, therefore, may not fully represent the
general population. Second, although we validated the diagnos-
tic accuracy of CTy g cut-off values in an independent test co-
hort, the development and test cohorts were obtained from the
same population of hepatic donor candidates. External valida-
tion in a completely different population may have yielded more
conclusive results. Lastly, percutaneous needle biopsy may be
subject to some degree of sampling error. Because we obtained
CT indices based on liver attenuation values averaged over mul-
tiple ROIs in the right hepatic lobe, our results may have been
influenced by incomplete co-registration between CT index and
biopsy, especially in subjects with uneven HS [32].

In conclusion, CT indices based on both liver and spleen
attenuation (CTy.g and CTyg) perform better in diagnosing
HS and are less dependent on CT technique than liver attenu-
ation alone. The CTy_g cut-off values for the highly specific or
sensitive diagnosis of moderate to severe HS determined in
this study may have utility in the diagnosis or elimination of
HS in clinical practice and research. It should also be remem-
bered that the cut-off values are different according to tube
voltage; namely, the cut-off value defined at 120 kV is not
applicable as such to 100 kV.
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