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Abstract
[bookmark: _Hlk105182583]Background: Increased liver stiffness can be result of increased liver iron concentration (LIC) which may not yet be reflected in the liver fibrotic status. The objective of our study was to examine relationship between hemochromatosis, liver stiffness, and serum ferritin level in transfusion-dependent patients.
Methods:  All transfusion-dependent patients aged between seven and 60 years referred for evaluating LIC status by magnetic resonance imaging (MRI) followed by two-dimensional ultrasonography shear wave elastography (2D-SWE) were included in this study. 
Results: The optimal cut point for prediction of severe hemochromatosis using median SWE (kPa) and SWV (m/s) was ≥ 7.0 kPa and ≥ 1.54 m/s, respectively, with sensitivity of 0.76 (95% confidence interval [CI] 0.55, 0.91) and, specificity of 0.69 (95%CI 0.53, 0.82). When combing the optimal cut point of SWE (kPa) at ≥ 7.0 and serum ferritin ≥ 4123 ng/mL, the sensitivity increased to 0.84 (95%CI 0.64, 0.95) with specificity of 0.67 (95%CI 0.50, 0.80), positive predictive value (PPV) of 0.60 (95%CI 0.42, 0.76), and negative predictive value (NPV) of 0.88 (95%CI 0.71, 0.96).  Simultaneous tests of 2D-SWE and serum ferritin for prediction of severe hemochromatosis showed the highest sensitivity of 84% (95%CI 0.64-0.95), as compared to 2D-SWE alone at 76% (95%CI 0.55, 0.91) or serum ferritin alone at 44% (95%CI 0.24-0.65). 
Conclusions: We recommend measuring both 2D-SWE and serum ferritin in short interval follow up patients. Adding 2D-SWE to the management guideline will help in deciding if aggressive adjustments of iron chelating medication in indicated in patients suspicious for severe hemochromatosis. 
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1. INTRODUCTION
Hemochromatosis is characterized by excessive iron deposition in the body, mainly in the liver and heart.1,2 Secondary or transfusion hemochromatosis is caused by over-deposition of iron in reticuloendothelial cell, leading to inflammation and fibrous deposition, eventually leading to liver fibrosis.3,4 The most common hematologic disease that requires intensive transfusion resulting in secondary hemochromatosis is thalassemia.5, 6 Most thalassemia major patients survive beyond the third decade with regular transfusions with iron chelation therapy, however, end stage liver disease is an important cause of mortality in these patients, following cardiomyopathy.7, 8
Close monitoring of the iron balance is crucial when a patient is receiving chelation therapy to help slow the development of hepatic fibrosis.9-11 However, the serum ferritin level is sensitive but not specific for hemochromatosis.12,13 Although the liver biopsy is the gold standard test for evaluating both hemochromatosis and liver fibrosis, its invasiveness and unavailability for monitoring disease progression resulted in its no longer being performed.14,15 In the past decades, magnetic resonance imaging (MRI) for iron quantification has replaced the traditional liver biopsy for measuring liver iron concentration (LIC) due to its higher sensitivity, reproducibility, and availability.9,12,13,16-18
	Elastography is a non-invasive method for accessing elasticity or stiffness of various organs, and is commonly used in diagnosis of early cirrhosis.19 Two-dimensional shear wave elastography (2D-SWE) has recently been developed after transient elastography (TE), with an ability to measure real-time tissue elasticity and produce more accurate values.20-21 Earlier studies have shown a relationship between stage of liver fibrosis and shear wave velocity (SWV).21,22  Patients with hemochromatosis are assumed to have liver fibrosis when liver stiffness as assessed by SWE increases.23-30 However, other studies have found no relationship between liver stiffness (LS) and LIC24-27, while others found that fibrosis decreased when the patients received appropriate chelating medications.28-30 Hence, we believe that an increased LS might be a result of increased LIC, regardless of fibrotic status. Therefore, the objective of our study was to examine the relationship between hemochromatosis, LS, and serum ferritin levels in transfusion-dependent patients.
2. METHODS
2.1 Study design 
This study was a single-institution prospective study conducted in Songklanagarind Hospital, Songkhla, Thailand. All transfusion-dependent patients who underwent MRI liver for evaluating LIC during 1st June 2020 to 30th November 2021 were recruited in this study. The inclusion criteria were transfusion-dependent, age between seven and 60 years, and referred to the Radiology Department for evaluation of LIC status. The exclusion criteria were patients who had at least one of the following conditions: positive HBS Ag, positive anti-HBc with positive anti HBs, positive anti-HCV IgM, positive HIV antibodies, alcoholism (< 40 g/day for men and > 20 g/day for women), autoimmune liver disease, Wilson’s disease, antitrypsin deficiency, liver mass, and/or uncooperative patient.
2.2 Imaging protocols
	The patient first underwent an MRI as scheduled, and then ultrasonography and 2D-SWE after a 2-hour fast.
2.2.1 Ultrasonographic and 2D-SWE imaging protocols 
The ultrasound machine was a Toshiba Aplio 500 with PVT- 375SC 3.5 MHz curvilinear probe. One radiologist with 15 years of experience in ultrasound and 7 months of experience in 2D-SWE performed all the ultrasound examinations. The patients were placed in the supine position with right arm at maximum abduction for a B-mode ultrasound and in the left lateral decubitus position for shear wave imaging. First, the conventional B-mode US was performed to evaluate the presence of cirrhotic features including left lobe atrophy, surface nodularity, hepatic veins (middle or right hepatic vein, either subcostal or intercostal view), hepatic portal veins, and liver parenchyma. Second, a 2D-SWE was performed. SWE (kPa) and SWV (m/s) were obtained. A trapezoid color box was created and placed about 1 cm below the liver surface where hepatic vessels were absent. The images were obtained during a short breath hold (neither full inspiration nor full expiration). After the elastogram signals showed in the color box, the most homogenous area of elastogram signals within the sequential frame was identified. Then, a round region of interest (ROI) was drawn within the area of the color box. The ROI was set into a circle -shape with a diameter of 1 cm. This process was repeated 5 times then the machine automatically calculated the mean, median and IQR for the SWE and SWV. The data were considered reliable if the IQR/median of the SWV was less than 0.3 (Fig. 1). The shear wave elastography references and values for the fibrotic stages were: stage F0-F1 or non-significant fibrosis, SWV< 1.54 m/s, SWE < 7.1 kPa; stage > F2 or significant fibrosis, SWV 1.54-<1.78 m/s, SWE 7.1- <9.5 kPa; stage > F3 or advanced fibrosis, SWV 1.78- <1.87 m/s, SWE 9.5- <10.5 kPa; and stage > F4 or cirrhosis, SWV > 1.87 m/s, SWE > 10.5 kPa31 
2.2.2 MRI protocol 
The study was conducted with a 1.5T MRI (Ingenia, Philips Medical Systems, Best, The Netherlands). For each participant, a mid-hepatic slice was taken using a 32-channel digital stream (dS) – Torso coil solution for 1.5T MRI scanning. T2* sequence acquisition: The imaging parameters of the 1.5T liver scan were: TR/TE first/delta TE ¼ 25/1.071/1.097 ms, echo time- s = 20, FA = 20°, slice thickness = 10 mm, FOV = 360 mm, acquisition matrix size = 128x 256 pixels, NSA =6, and echo train length (ETL) =8. The average scan time was 14 s for breath-holding and 8 min for free breathing. The liver iron concentration (unit: mgFe/g dry weight liver) references for iron overload stages were: normal, LIC < 3; mild hepatic iron overload, LIC 3- ≤ 7; moderate hepatic iron overload, LIC 7- ≤ 15; and severe hepatic iron overload, LIC >15. 
2.3 Demographic data collection
            The remaining if patient data, serum ferritin level, liver enzyme (serum glutamic-oxaloacetic transaminase or SGOT, serum glutamic-pyruvic transaminase or SGPT, bilirubin level, and alkaline phosphatase or ALP), and number of iron chelating agents, were collected from the Hospital Information System (HIS). The most recent serum ferritin levels were collected within 3 months from MRI and 2D-SWE studies.
2.4 Ethical consideration
This study was approved by the Faculty of Medicine Human Research Ethics Committee (HREC), Prince of Songkla University (REC. 63-101-7-4). For patients under the age of 20, informed consent was obtained from both the participant and their guardian. No invasive procedures were performed specifically for this research. The patients’ names were not recorded to assure confidentiality and privacy.
2.5 Statistical analysis
Statistical analysis was performed using R version 4.1.2 (32). Descriptive statistics were used to describe patient characteristics. Continuous data of patient characteristics were analyzed using median and interquartile range (IQR), while categorical data were analyzed by frequency and percentage or mean and standard deviation depending on data distribution. Statistical differences were tested by Kruskal-Wallis test if the data were continuous, followed by post hoc analysis to statistically differentiate between subgroups. Fisher’s exact test was used for statistical difference among the categorial data. All tests were two-sided, with statistical significance set at p < 0.05. Confidence intervals were reported at 95% (95%CI). The predictions of severe hemochromatosis were calculated using sensitivity, specificity, positive predictive value, negative predictive value, likelihood ratio, and area under the curve.
3. RESULTS
3.1 Patient characteristics  
In total, 72 transfusion-dependent patients were prospectively enrolled. Two patients were excluded because one had hepatitis, and the other was unable to hold her breath for the required time. The patient’s demographic data are presented in Table 1. The median age was 15 (IQR 11-19) years. Forty patients were female (57.1%). A majority of the patients had thalassemia beta (38, 54.3%) and beta/beta E (20, 28.6%). The median interval between blood transfusions was 4 weeks (IQR 3.5-4). Sixty-eight patients (97%) required iron chelating agents. Of the 70 patients, 3, 13, 29, and 25 patients had normal LIC, mild, moderate, and severe hemochromatosis, respectively. 
3.2 Correlation among degree of hemochromatosis, liver stiffness, and serum ferritin
In patients with severe hemochromatosis, we found a moderate correlation with a statistically significant difference between median SWE and LIC, and median SWV and LIC, (correlation coefficient [R] = 0.53, p-value < 0.01), and between serum ferritin and LIC (correlation coefficient [R] = 0.61, p-value < 0.01). No correlations between all values were found in the mild and moderate hemochromatosis groups.
There were statistically significant differences in serum ferritin (p-value=0.01), SPOT (p -value = 0.008), SPGT (p -value = 0.003), median SWE (p -value < 0.001), median SWV (p -value < 0.001), mean SWE (p -value < 0.001), and mean SWV (p -value < 0.001) between all groups, as shown in Table 1. Post hoc analysis showed statistically significant differences of median SWE between the mild and severe hemochromatosis groups, and between the moderate and severe hemochromatosis groups (Fig. 2A), and between a combined mild and moderate group compared to the severe group (Fig. 2C). Serum ferritin iron was only statistically significantly different between the moderate and severe hemochromatosis groups (Fig. 2B) and between a combined mild and moderate group compare to the severe group (Fig. 2D). The direct bilirubin, indirect bilirubin, ALP, and hepatitis statuses were not statistically significantly different between all groups.
3.3 Imaging morphology
3.3.1 Gray scale
Only one patient with severe hemochromatosis showed ultrasonographic evidence of cirrhosis. The patient was a 15-year-old female with underlying thalassemia beta, who was having a transfusion every 3 weeks, and receiving 2 iron chelating agents. Her serum ferritin was 10324 ng/mL, median SWE was 17.5 kPa, median SWV was 2.4m/s, and LIC was 38.1 mgFe/g dry weight liver.
3.3.2 2D-SWE 
The median (IQR) of median SWE (kPa) was 6.8 (6.1,8.4) in the total population, 6.7 (6.3,7.6) in normal LIC patients, and 6.4 (5.5,6.7) in mild, 6.5 (6.1,7.8) in moderate, and 8.2 (7,13.1) in severe hemochromatosis patients. 
3.3.3 Diagnostic performance of US parameters
The quantitative shear wave parameters (kPa) and (m/s) for prediction of hemochromatosis were as shown in Table 2 and Table 3 respectively. The optimal cut point for prediction of severe hemochromatosis, using a combination of median SWE (kPa) and SWV (m/s) was ≥ 7.0 kPa and ≥ 1.54 m/s, respectively, with sensitivity of  0.76 (0.55, 0.91), specificity of 0.69 (0.53, 0.82), positive predictive value (PPV) of 0.59 (0.41, 0.76), negative predictive value (NPV) of 0.83 (0.66, 0.93), positive likelihood ratio (LR+) of 2.46 (1.49, 4.06), and negative likelihood ratio (LR-) of 0.35 (0.17, 0.72). 
The optimal cut point of serum ferritin for prediction of severe hemochromatosis was ≥ 4123.0 ng/mL, with sensitivity of 0.44 (0.24, 0.65), specificity of 0.95 (0.84, 0.99), PPV of 0.85 (0.55, 0.98), NPV of 0.74 (0.60, 0.85), LR+ of 9.24 (2.23, 38.34), LR- of 0.59 (0.41, 0.84), and AUC of 0.71 (0.58, 084).
	 When combing the optimal cut point of SWE (kPa) at ≥ 7.0 and serum ferritin ≥ 4123 ng/mL, the sensitivity increased to 0.84 (0.64, 0.95), while the specificity was 0.67 (0.50, 0.80). We also calculated diagnostic performance based on the SWE and SWV levels for fibrotic stages (F2, F3, F4) for prediction of severe hemochromatosis (Table 2 and Table 3).
Table 4 showed the results of single, simultaneous, and sequential tests of 2D-SWE and serum ferritin for prediction of severe hemochromatosis. The simultaneous or parallel tests showed the highest sensitivity of 84% (0.64, 0.95), as compared to 2D-SWE alone at 76% (0.55, 0.91) or serum ferritin alone at 44% (0.24, 0.65). Sequential tests (either 2D-SWE followed by serum ferritin or serum ferritin followed by 2D-SWE) showed the lowest sensitivity of 36% (0.18, 0.57). 
The ROC curves for diagnostic performance of SWE and SWV for presence of severe hemochromatosis confirmed that the AUC of the serum ferritin was 0.71 as compared to the SWE (0.79) or combination of SWV and serum ferritin (0.794). 
4. DISCUSSION
Elastography is well-recognized for its ability to diagnose early cirrhosis. However, the role of elastography in evaluating hemochromatosis is still unsettled, as were uncertainties in the relationships between LS, LIC, and serum ferritin in transfusion-dependent patients. The findings of our study can help resolve these problems. Elastography is still an optional modality in evaluating hemochromatosis in some hospitals where the gold standard MRI can be applicable for only once a year. Thus, this study is to confirm that add 2D-SWE besides serum ferritin during monthly follow up can have benefit in monitoring hemochromatosis status.
	Most of our study population (95%) had some degree of hemochromatosis, with moderate hemochromatosis highest (41%) followed by severe hemochromatosis (35%).  Our study population can represent the hemochromatosis status of transfusion-dependent patients in Thailand.
 	For decades, there have been disagreement regarding the relationship of LS and LIC. The most recent study found a large and significant difference in LIC between patients with and without significant liver stiffness using TE.24 Our study found a moderate but statistically significant correlation with between LS and LIC in patients with severe hemochromatosis, this finding means the disagreement is close to being revolved. Our study also performed the 2D-SWE, the latest ultrasonographic elastography technology.
A study by Musallam et al. showed a strong correlation between TE and serum ferritin.23 Our result is different from their study as we found that moderate but statistically significant correlation was observed between serum ferritin and LIC in patients with severe hemochromatosis. No correlation in hemochromatosis status was found between serum ferritin and 2D-SWE. We suggest that in mild and moderate hemochromatosis patients, the iron deposition is not enough to cause significant increases in liver stiffness or developing liver fibrosis.
Therefore, we propose that the role of 2D-SWE for evaluating liver fibrosis is beneficial, but limited to patients with severe hemochromatosis. We found the calculated optimal cut points of SWE and SWV for prediction of severe hemochromatosis at ≥ 7.0 kPa and ≥ 1.54 m/s, respectively, with sensitivity of 0.76 and specificity of 0.69. Interestingly, our cut-off value is very close to a study by Adhoute X., et al, which used the cut-off value of 7.1 kPa for diagnosing significant liver fibrosis or F2 stage in patients with cirrhosis.27
The optimal cut point of serum ferritin for prediction of severe hemochromatosis was 4123 ng/mL with sensitivity of 44 % and specificity of 95%. However, a previous study found that absolute serum ferritin and LIC values correlated significantly only when serum ferritin was <4000 ng/mL.32
Using simultaneous tests of SWE ≥ 7.0 kPa or SWV ≥ 1.54 m/s with serum ferritin   ≥ 4123 ng/mL showed the highest sensitivity of 84%, while sequential tests (either 2D-SWE followed by serum ferritin or serum ferritin followed by 2D-SWE) showed the lowest sensitivity of 36% (18-57%). So our preferred method is simultaneous tests, followed by a single test with 2D-SWE. 
In our study, age, gender, number of chelating iron agents, and interval between transfusions were no associated with the risk of developing severe hemochromatosis. Previous studies have concluded that in transfusion-dependent patients, increased liver stiffness resulted from having liver fibrosis.28-30 However, our study suggests that increased LS could result from severely increased LIC which may not yet reflect the liver fibrotic status.
Even if a combination investigating method of an imaging modality of 2D-SWE and serum ferritin shows high sensitivity for detection of severe hemochromatosis, they could not replace MRI for evaluating hemochromatosis, mainly because they are not reliable in mild and moderate hemochromatosis. Currently, there are no modalities or tests other than the MRI to predict cardiac iron deposition.
There were several limitations to this study. Firstly, the study had a small number of participants, resulting in wide interquartile ranges and confident intervals. Also, there were only 3 patients who had normal LIC. Secondly, our study was a cross-sectional study, and we did not study changes of LS correlations with alternations in LIC levels.  Thirdly, patients with severely increased LIC might have overlapping hemochromatosis and fibrosis, but the grey-scale ultrasound only detected one patient with late-stage fibrosis. Thus, our study was limited in accuracy of overlapping diseases.
We suggest further studies including larger populations and greater numbers of patients without hemochromatosis. These studies should include longitudinal changes and follow-up data, and be designed to determine whether LS changes over time correspond with LIC status.
5. CONCLUSION
	In conclusion, we recommend both 2D-SWE imaging and serum ferritin test for transfusion-dependent patients during short-interval follow ups. We suggested combining optimal cut point for prediction severe hemochromatosis of SWE (kPa) at ≥ 7.0 and serum ferritin ≥ 4123 ng/mL. By adding 2D-SWE to the management guideline will help in deciding for aggressively adjusting iron chelating medication, in whom are suspicious to have severe hemochromatosis. Of those who are diagnosis with severe hemochromatosis but the 2DSWE and serum ferritin are negative, interval follow up with MRI might be an appropriate modality.
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LEGENDS
TABLE 1 Patient characteristics categorized by liver iron concentration
	Liver Iron concentration interpreted by MRI

	
	Total
	Normal
	Mild
	Moderate
	Severe
	P value

	Number of patients – n (%)
	70
	3 (4.2)
	13 (18.5)
	29 (41.4)
	25 (35.7)
	

	Age (years) – Median (IQR) 
	15 (11,19)
	15 (11,15.5)
	12 (10,14)
	15 (12,18)
	17 (12,29)
	0.109

	Gender – n (%)
	
	
	
	
	
	

	Female 
	40 (57.1)
	1 (33.3)
	7 (53.8)
	16 (55.2)
	16 (64)
	0.750

	Male
	30 (42.9)
	2 (66.7)
	6 (46.2)
	13 (44.8)
	9 (36)
	

	Underlying disease– n (%)
	
	
	
	
	
	0.042

	   Thalassemia beta
	38 (54.3)
	3 (100)
	12 (92.3)
	15 (51.7)
	8 (32)
	

	   Thalassemia beta/ beta E
	20 (28.6)
	0 (0)
	1 (7.7)
	7 (24.1)
	12 (48)
	

	   Others*
	4 (5.7)
	0 (0)
	0 (0)
	1 (3.4)
	3 (12)
	

	   Thalassemia alpha carrier
	3 (4.3)
	0 (0)
	0 (0)
	3 (10.3)
	0 (0)
	

	   Elliptocytosis
	2 (2.9)
	0 (0)
	0 (0)
	2 (6.9)
	0 (0)
	

	   HbH - CS
	2 (2.9)
	0 (0)
	0 (0)
	1 (3.4)
	1 (4)
	

	   Thalassemia beta E
	1 (1.4)
	0 (0)
	0 (0)
	0 (0)
	1 (4)
	

	Blood transfusions interval (weeks)– Median (IQR)
	4 (3.5,4)
	4 (3,4)
	4 (3,8)
	4 (4,4)
	4 (3,4)
	0.541

	Iron chelating agents– n (%)
	
	
	
	
	
	

	Yes
	68 (97.1)
	3 (100)
	13 (100)
	27 (93.1)
	25 (100)
	0.700

	No
	2 (2.9)
	0 (0)
	0 (0)
	2 (6.9)
	0 (0)
	

	Serum ferritin (ng/mL) – Median (IQR)
	2476.5 
(1349.2, 3448.8)
	924 
(743,1444.5)
	2119 
(1584,3078)
	1857
(927,3412)
	3300
(1781,5296) †
	0.010

	SPOT (U/L) – Median (IQR)
	34 (27,47)
	30 (28.5,42.5)
	27 (26,35)
	31 (26,37)
	43 
(34.2,70.8) † ‡
	0.008

	SPGT (U/L) – Median (IQR)
	27 (17,46)
	27 (26.5,27.5)
	20 (15,36)
	22 (14,32)
	54 
(24.5,76.5)† ‡
	0.003

	Direct bilirubin (mg/dL) – Median (IQR)
	0.5 (0.4,0.7)
	0.9 (0.6,1.1)
	0.5 (0.3,0.6)
	0.5 (0.3,0.6)
	0.6 (0.5,0.7)
	0.271

	Total bilirubin (mg/dL) – Median (IQR)
	1.8 (1.2,2.6)
	2 (1.6,2.4)
	1.3 (1,2.4)
	1.8 (1.3,2.6)
	2 (1.6,2.5)
	NA

	ALP (U/L) – Mean (SD)
	119.7 (72.8)
	185.5 (44.5)
	141.4 (72.7)
	98.5 (59.6)
	125.2 (85.2)
	NA

	LIC (mgFe/g dry weight liver) – median (IQR)
	12.7 (8, 21.1)
	2.4 (2.1, 3.0)
	5.2 (4.5, 6.3)
	11.9 (9.8,13.2), 
	24.6 (21, 29.7)
	< 0.001

	Gray scale US
evidence of cirrhosis - n (%)
	
	
	
	
	
	

	Yes
	1 (1.4)	
	0 (0)
	0 (0)	
	0 (0)
	1 (4)
	0.586

	No
	69 (98.6)
	3 (100)
	13 (100)
	29 (100)
	24 (96)
	

	2D-SWE – Median (IQR)
	
	
	
	
	
	

	Median SWE (kPa)
	6.8 (6.1,8.4)
	6.7 (6.3,7.6)
	6.4 (5.5,6.7)
	6.5 (6.1,7.8)
	8.2 
(7,13.1)† ‡
	< 0.001

	Median SWV (m/s)
	1.5 (1.4,1.7)
	1.5 (1.5,1.6)
	1.5 (1.4,1.5)
	1.5 (1.4,1.6)
	1.7 
(1.5,2.1)† ‡
	< 0.001

	Mean SWE (kPa)
	6.8 (6.1,8.3)
	6.6 (6.3,7.5)
	6.2 (5.4,6.8)
	6.6 (6.1,7.7)
	8 
(7,13.4)† ‡
	< 0.001

	Mean SWV (m/s)
	1.5 (1.4,1.7)
	1.5 (1.5,1.6)
	1.4 (1.4,1.5)
	1.5 (1.4,1.6) 
	1.6 
(1.5,2.1)† ‡
	< 0.001


Abbreviations: IQR, interquartile range; SGOT, serum glutamic oxaloacetic transaminase; SGGT, serum glutamic pyruvic transaminase; ALP, alkaline phosphatase; LIC, liver iron concentration; US, ultrasonography; SWE, shear wave elastography; SWV, shear wave velocity.
* Others include disorder of pyruvate metabolism and glycogenesis, hemolytic anemia, congenital pure red cell aplasia, and constant spring-AE-Bart's.
† P-value <0.05: statistically significant difference between moderate and severe hemochromatosis



‡ P-value <0.05: statistically significant difference between mild and severe hemochromatosis
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	Value (95%CI)

	
	Sensitivity
	Specificity
	PPV
	NPV
	LR+
	LR-
	AUC

	Median SWE (kPa)
	

	≥7.0 
(Optimal cut point by Youden method)
	0.76
(0.55, 0.91)
	0.69
(0.53, 0.82)
	0.59
(0.41, 0.76)
	0.83
(0.66, 0.93)
	2.46
(1.49, 4.06)
	0.35
(0.17, 0.72)
	0.79
(0.675, 0.906)

	≥ 7.1 (F2)
	0.72
(0.51, 0.88)
	0.71
(0.55, 0.84)
	0.60 (0.41, 0.77)
	0.81
(0.65, 0.92)
	2.52
(1.47, 4.31)
	0.39
(0.20, 0.76)
	0.72
(0.60, 0.83)

	≥ 9.5 (F3)
	0.40
(0.21, 0.61)
	0.98
(0.87, 1.00)
	0.91
(0.59, 1.00)
	0.73
(0.60, 0.84)
	16.80
(2.28, 123.5)
	0.61
(0.44, 0.85)
	0.69
(0.59, 0.79)

	≥ 10.5 (F4)
	0.40
(0.21, 0.61)
	1.00
(0.92, 1.00)
	1.00
(0.69, 1.00)
	0.74
(0.60, 0.84)
	NA*
	0.60
(0.44, 0.83)
	0.70
(0.60, 0.80)

	Ferritin
≥ 4123.0 ng/mL
	0.44
(0.24, 0.65)
	0.95
(0.84, 0.99)
	0.85
(0.55, 0.98)
	0.74
(0.60, 0.85)
	9.24
(2.23,38.34)
	0.59
(0.41, 0.84)
	0.71
(0.59, 0.84)

	Median SWE 
with serum ferritin
	

	SWE (kPa)
	Serum ferritin 
(ng/mL)
	

	≥ 7.0
	≥ 4123.0
	0.84
(0.64, 0.95)
	0.67
(0.50, 0.80)
	0.60
(0.42, 0.76)
	0.88
(0.71, 0.96)
	2.52
(1.59, 3.99)
	0.24
(0.10, 0.60)
	0.81
(0.70, 0.91)

	 ≥ 7.1 
	≥ 4123.0
	0.80
(0.59, 0.93)
	0.69
(0.53, 0.82)
	0.61
(0.42, 0.7)
	0.85
(0.69, 0.95)
	2.58
(1.58, 4.23)
	0.29
(0.13, 0.65)
	0.8
(0.69, 0.906)

	≥ 9.5
	≥ 4123.0
	0.60
(0.39, 0.79)
	0.93
(0.81, 0.99)
	0.83
(0.59, 0.96)
	0.80
(0.66, 0.90)
	8.40
(2.70, 26.17)
	0.43
(0.26, 0.70)
	0.77
(0.67, 0.88)

	  >10.5
	≥ 4123.0
	0.60
(0.39, 0.79)
	0.95
(0.84, 0.99)
	0.88
(0.64, 0.99)
	0.80
(0.66, 0.90)
	12.60
(3.14, 50.58)
	0.42
(0.26, 0.68)
	0.79
(0.68, 0.89)


 TABLE 2 Quantitative shear wave elastography prediction of severe hemochromatosis, based on LIC assessed by MRI
[bookmark: _Hlk105276760]Abbreviations: CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value; LR+, positive likelihood ratio; LR-, negative likelihood ratio; AUC, area under the curve; SWE, shear wave elastography
*Value could not be calculated due to low sample size
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	Value (95%CI)

	
	Sensitivity
	Specificity
	PPV
	NPV
	LR+
	LR-
	AUC

	Median shear wave velocity (m/s)
	

	≥ 1.54	 
(Same value for optimal cut point and F2)
	0.76 
(0.55, 0.91)
	0.69 
(0.53, 0.82)
	0.59 
(0.41, 0.76)
	0.83 
(0.66, 0.93)
	2.46 
(1.49, 4.06)
	0.35 
(0.17, 0.72)
	0.73
(0.61, 0.84)

	≥ 1.78	(F3)
	0.40 
(0.21, 0.61)
	0.98 
(0.87, 1.00)
	0.91 
(0.59, 1.00)
	0.73 
(0.60, 0.84)
	16.80 (2.28, 123.53)
	0.61 
(0.44, 0.85)
	0.69
 (0.59, 0.79)

	> 1.87 (F4)
	0.40 
(0.21, 0.61)
	1.00 
(0.92, 1.00)
	1.00 
(0.69, 1.00)
	0.74 
(0.60, 0.84)
	NA*
	0.60 
(0.44, 0.83)
	0.70
(0.60, 0.80)

	Ferritin ≥ 4123.0 ng/mL
	0.44
(0.24, 0.65)
	0.95
(0.84, 0.99)
	0.85
(0.55, 0.98)
	0.74
(0.60, 0.85)
	9.24
(2.23, 38.34)
	0.59
(0.41, 0.84)
	0.71
(0.59, 0.84)

	Median SWV with serum ferritin
	

	SWV
(m/s)
	Serum ferritin 
(ng/mL)
	

	≥ 1.54
	≥ 4123.0
	0.84 
(0.64, 0.95)
	0.67 
(0.50, 0.80)
	 0.60 
(0.42, 0.76)
	0.88 
(0.71, 0.96)
	2.52 
(1.59, 3.99)
	0.24 
(0.10, 0.60)
	0.81
(0.71, 0.91)

	≥ 1.78
	≥ 4123.0
	0.60 
(0.39, 0.79)
	0.93 
(0.81, 0.99)
	0.83 
(0.59, 0.96)
	0.80 
(0.66, 0.90)
	8.40 
(2.70, 26.17)
	0.43 
(0.26, 0.70)
	0.77
(0.67, 0.88)

	>1.87
	≥ 4123.0
	0.44 
(0.24, 0.65)
	0.95 
(0.84, 0.99)
	0.85 (0.55, 0.98)
	0.74 
(0.60, 0.85)
	9.24 
(2.23, 38.34)
	0.59 
(0.41, 0.84)
	0.79
(0.68, 0.89)


 TABLE 3 Quantitative shear wave velocity prediction of severe hemochromatosis, based on LIC assessed by MRI
Abbreviations: CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value; LR+, positive likelihood ratio; LR-, negative likelihood ratio; AUC, area under the curve; SWV, shear wave velocity
*Value could not be calculated due to low sample size



	
	Sensitivity (95%CI)
	Specificity 
(95%CI)
	PPV
 (95%CI)
	NPV 
(95%CI)

	Single test
	

	SWE ≥7.0 kPa
	0.76 
(0.55, 0.91)
	0.69 
(0.53, 0.82)
	0.59 
(0.41, 0.76)
	0.83 
(0.66, 0.93)

	SWV ≥ 1.54 m/s
	0.76 
(0.55, 0.91)
	0.69 
(0.53, 0.82)
	0.59 
(0.41, 0.76)
	0.83 
(0.66, 0.93)

	Ferritin ≥ 4123.0 ng/mL
	0.44
(0.24, 0.65)
	0.95
(0.84, 0.99)
	0.85
(0.55, 0.98)
	0.74
(0.60, 0.85)

	
	
	
	
	

	Simultaneous tests
	0.84 
(0.64, 0.95)
	0.67
(0.50, 0.80)
	0.60 
(0.42, 0.76)
	0.88 
(0.71, 0.96)

	

	Sequential tests
	

	2D-SWE followed by 
serum ferritin
	0.36 
(0.18, 0.57)
	0.98 
(0.87, 1.00)
	0.90 
(0.55, 1.00)
	0.66 
(0.94, 0.88)

	Serum ferritin 
followed by 2D-SWE
	0.36 
(0.18, 0.57)
	0.98 
(0.87, 1.00)
	0.90 
(0.55, 1.00)
	0.66 
(0.94, 0.88)


TABLE 4 Accuracy of the screening methods from our study, using single, simultaneous, and sequential tests.  
Abbreviations: CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value; 2D-SWE, 2-dimensional shear wave elastography; SWE, shear wave elastography; SWV, shear wave velocity










FIGURE LEGENDS
FIGURE 1 Example of measurement of liver stiffness using 2D shear wave elastography (left). Calculated 2D-SWE values after completing the operation, for validation the data viability (right)
[image: A screenshot of a computer

Description automatically generated with medium confidence]












Figure 2 Boxplots of distribution of median shear wave elastography values and serum ferritin levels. 
(A) and (B) Box plots showings distribution of median shear wave elastography values (A) and serum ferritin levels (B) between patients with mild, moderate, and severe hemochromatosis.
(C) and (D) Box plots showing distribution of median shear wave elastography values (C) and serum ferritin levels (D) between patients combining mild and moderate hemochromatosis group compared with the severe hemochromatosis group (*p-value < 0.05)
*
A
B
C
D
**
*
*
*
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