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Abstract
Purpose To assess liver and spleen characteristics of a population with Gaucher disease (GD) using multiparametric MRI 
and MR elastography (MRE) for evaluation of diffuse liver and spleen disease, which includes liver fat fraction, liver and 
spleen volume and iron deposition, and liver and spleen stiffness correlated with DS3 Severity Scoring System for Gaucher 
disease (GD-DS3).
Methods We prospectively evaluated 41 patients with type 1 Gaucher disease using a 3.0 T MRI and MRE between January 
2019 and February 2020. Clinical, laboratory, and imaging data was collected. Mann–Whitney, Kruskal–Wallis, and Spear-
man’s correlation were applied to evaluate liver and spleen MRI and MRE, clinical and laboratory variables, and GD-DS3. 
ERT and SRT treatment groups were compared.
Results Hepatomegaly was seen in 15% and splenomegaly in 42% of the population. Moderate and strong and correlations 
were found between liver and spleen iron overload (rho = 0.537; p = 0.002); between liver and spleen volume (rho = 0.692, 
p < 0.001) and between liver and spleen stiffness (rho = 0.453, p = 0.006). Moderate correlations were found between liver 
stiffness and GD-DS3 (rho = 0.559; p < 0.001) and between splenic volume and GD-DS3 (rho = 0.524; p = 0.001).
Conclusion The prevalence of hepatosplenomegaly, liver fibrosis, and liver iron overload in treated patients with GD is low, 
which may be related to the beneficial effect of treatment. Liver MRE and splenic volume correlate with severity score and 
may be biomarkers of disease severity.
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Graphical abstract

Mul�parametric Magne�c Resonance Imaging and MR 
Elastography of the Liver and Spleen in Gaucher Disease

Parente DB et al; 2024

• Liver and spleen disease occur
simultaneously, as shown by
posi�ve correla�ons of liver and
spleen volume and R2*.

• Severity score (GD-DS3) 
correlates with liver s�ffness and
splenic volume, which suggests
that these imaging parameters
may be biomarkers of disease
severity.
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Introduction

Gaucher’s disease (GD) is an autosomal recessive disease 
characterized by the deficiency of the lysosomal enzyme 
glucocerebrosidase. It results in glucosylceramide accumu-
lation in the reticuloendothelial system, mainly in the liver, 
spleen, and bone marrow. Organ infiltration by Gaucher cells 
causes hepatosplenomegaly, anemia, thrombocytopenia, 
among others [1–4]. Pro-inflammatory factors contribute to 
organ enlargement and visceral inflammation [3, 5–7].

GD and its treatment are associated with many met-
abolic abnormalities including increased glucose and 
cholesterol, insulin resistance, diabetes, and metabolic 
syndrome [7, 8]. Many studies have demonstrated liver 
disorders in GD, including hepatomegaly, hemosiderosis, 
steatosis, increased stiffness, cirrhosis, portal hyperten-
sion, hepatocellular carcinoma, focal liver lesions (gau-
cheromas), and cholelithiasis [8–11]. Spleen involvement 
includes splenomegaly, elevated stiffness due to infiltra-
tion and inflammatory changes, gaucheromas, and splenic 
infarction. Elevated stiffness in the spleen may be caused 
by Gaucher cell infiltration, fibrosis, inflammation, or por-
tal hypertension [1, 3, 4, 12, 13]. Splenectomy has been 
associated with more severe Gaucher’s disease. However, 

enzyme replacement therapy (ERT) and substrate reduc-
tion therapy (SRT) have changed the natural history of the 
disease [2, 4].

Non-invasive liver and spleen evaluation is strongly 
recommended for disease monitoring. Routine evaluation 
includes blood cell count, liver function tests, serum ferri-
tin, and abdominal ultrasound [3, 7, 9, 13]. However, these 
methods have low sensitivity to detect liver and spleen 
involvement, such as liver steatosis, and liver and spleen 
iron deposition and stiffness [14]. Magnetic resonance imag-
ing (MRI) can thoroughly evaluate the abdominal organs, 
measure liver and spleen volume, detect focal lesions, and 
quantify liver fat fraction and iron concentration. Addition-
ally, MR elastography (MRE) can assess liver and spleen 
stiffness [15–18].

Original studies on GD are scarce and were performed 
with small populations. No study assessed MR elastogra-
phy of the spleen or iron deposition on the spleen. Only 
2 of these studies (7 and 31 GD patients) used magnetic 
resonance imaging for liver iron concentration evaluation 
and MR elastography for liver stiffness evaluation [10, 19]. 
However, they did not evaluate for liver and spleen volume, 
fat fraction and spleen stiffness in the context of ERT and 
SRT treatment.
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The purpose of this study was to assess liver and spleen 
characteristics of a population with GD using multipara-
metric MRI and MRE for evaluation of diffuse liver and 
spleen disease, which includes liver fat fraction and liver 
and spleen volume, iron deposition, and stiffness, com-
pared with GD-DS3.

Methods

Study design and population

This prospective cross-sectional study consecutively 
included adult participants (> 18 years) with type 1 Gau-
cher disease from Hospital Hemorio (Rio de Janeiro, 
Brazil) from January 2019 to February 2020. Exclusion 
criteria were known chronic liver disease (CLD), such 
as viral and/or alcoholic CLD, primary biliary cirrhosis, 
primary sclerosing cholangitis, autoimmune cholangitis, 
primary hemochromatosis, and contraindications to MRI. 
Non-alcoholic fatty liver disease, secondary hemochro-
matosis, and GD related CLD were not exclusion criteria. 
This study was approved by the Ethics Committee from 
the D'Or Institute for Research and Education. Written 
informed consent was obtained from all patients.

Clinical and laboratory evaluation

Clinical records included gender, age, weight, height, body 
mass index (BMI), and waist circumference (WC). History 
of splenectomy, blood transfusions, alcohol consumption, 
disease duration, type of treatment and its duration were 
obtained. Significant alcohol consumption was defined 
as ≥ 20 g/day in women and ≥ 30 g/day in men. Hema-
tocrit, hemoglobin, platelets, alanine aminotransferase 
(ALT), aspartate aminotransferase (AST), and ferritin 
were performed with a time interval up to 6 months to 
the MRI.

MRI

This study was conducted on 3.0 T MRI (Magneton Prisma, 
Siemens Healthcare) by using a combined eighteen-element 
phased-array abdominal coil and a thirty-two-element 
fixed spine coil. Axial and coronal T2-weighted imaging 
were obtained for anatomical reference. Screening Dixon 
(e-dixon) and ME Dixon (q-Dixon) sequences were per-
formed to evaluate liver and spleen iron deposition. Patients 
were instructed to fast 4 h prior to the exam. Image acquisi-
tion parameters are provided in Table S1.

MR spectroscopy (MRS)

Single-voxel MRS with stimulated echo acquisition mode 
was placed on the right liver lobe, avoiding hepatic edges, 
large vessels, bile ducts, and focal lesions. HISTO provides 
proton density fat fraction (PDFF) that has been corrected 
for fat and water transverse relaxation. It is corrected for 
the T2 signal, at high speed, to prevent over-evaluating 
PDFF. To minimize the effects of T1 weighting, a TR of 
3000 ms was used. The voxel was placed on the right liver 
lobe, avoiding hepatic edges, large vessels, bile ducts, and 
focal lesions. Image acquisition parameters are provided in 
Table S2.

MR elastography (MRE)

2D spin-echo echo-planar sequence MRE of the liver and 
the spleen were acquired with breath hold at end expira-
tion. An active driver was placed on the right side of the 
anterior chest wall at the level of the xiphoid centered over 
the portal vein to measure liver stiffness and on the left side 
of the posterior chest wall centered at the splenic hilum to 
measure spleen stiffness. Image acquisition parameters are 
provided in Table S3.

Image analyses

MRI examination

All MR imaging results were interpreted by two radiologists 
(F.C.M.M. and D.B.P., both with 18 years of experience with 
liver imaging) blinded to clinical data.

Liver volume was automatically calculated by the Liv-
erLab package (Siemens Healthineers). Spleen volume was 
calculated using OsiriX® (OsiriX Foundation).

Body surface area (BSA) was calculated by using Mos-
teller’s formula: BSA (m2) = 

√

 height [cm] × weight 
[kg]/3600 [20]. Predicted total liver volume (TLV) was cal-
culated according to Vauthey’s formula for western adults: 
TLV = 1267.28 × BSA – 794.41 [21]. Hepatomegaly was 
defined as liver volume greater than 1.25 times the predicted 
liver volume [9]. Splenomegaly was defined as spleen vol-
ume greater than 322  cm3, based on the 97th percentile of 
the population-based study that established reference for 
individual for spleen volume [22].

MRI-PDFF maps and R2* maps and reports of screening 
and ME Dixon were acquired automatically using whole-
liver evaluation. Liver iron concentration (LIC) was calcu-
lated using the formula used for 3 T: LIC (μmol) = 0.314 
R2* − 0.96 [23, 24]. For this study, we considered LIC 
values higher than 36 μmol/g as iron overload. Spleen iron 
overload was considered when R2* of the spleen > 70 Hz 
[24, 25].
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MRS

MRS-PDFF report was acquired automatically. We catego-
rized liver steatosis based on PDFF-MRS measurements 
according to cut-offs previously described in literature as fol-
lows: no steatosis (PDFF < 5%), mild steatosis (PDFF ≥ 5% 
to 15%), moderate steatosis (PDFF ≥ 15% to 25%), severe 
steatosis (PDFF ≥ 25%)[15].

MRE

The stiffness maps were automatically provided. As large 
as possible free-hand ROIs were drawn in each slice of the 
liver and spleen, avoiding voxels with confidence index less 
than 95%, large vessels, edges, and regions of ambiguous 
wave propagation. Mean liver and spleen stiffness were cal-
culated as the mean value of the four slices. The liver stiff-
ness threshold values were defined as previously described 
in literature: normal (< 2.5 kPa), normal or inflammation 
(≥ 2.5–2.9 kPa), stage 1–2 fibrosis (3.0–3.5 kPa), stage 2–3 
fibrosis (3.5–4.0 kPa), stage 3–4 fibrosis (4.0–5.0 kPa), stage 
4 fibrosis (> 5.0 kPa) [18, 26].

Statistical analysis

The statistical analysis of data was done by using SPSS 24.0 
software (IBM Corporation). Due to non-normally distrib-
uted variables, medians and interquartile ranges were used. 
Exact Fisher test was used to test differences between cat-
egorical variables; Mann–Whitney to compare difference 

between two treatment groups; and Spearman’s correla-
tion coefficient to assess correlation between quantitative 
variables.

Results

Forty-one patients with type 1 Gaucher disease were pro-
spectively enrolled in this study (34% male, 66% female; 
mean age 42 ± 16 years). No patient had to be excluded. 
Ninety-five percent of patients were treated with enzyme 
replacement therapy (ERT) or substrate reduction therapy 
(SRT) and only 5% did not receive treatment (Table S4). 
Patients’ clinical and laboratory characteristics are shown 
in Tables 1, 2 and patients’ MRI and MRE data in Table 3.

Patients that received ERT had more steatosis than 
patients that received SRT (53.8% vs 15.4%; = 0.037). No 
significant difference was found between liver fat fraction 
and the BMI groups and between liver fat fraction and 
duration of ERT/SRT. Patients that used SRT had signifi-
cantly lower liver fat fraction than patients that used ERT 
(p = 0.015) (Fig. 1). Patients that received ERT had more 
liver iron overload than patients that received SRT (30.8% 
vs 7.7%; p = 0.006).

A moderate correlation was found between liver and 
spleen iron overload (rho = 0.537; p = 0.002) (Fig. 2). No 
significant correlation was found between spleen iron over-
load and spleen volume or stiffness. Patients with liver 
iron overload had significantly higher serum ferritin lev-
els (p < 0.001) and liver fat fraction (p = 0.001). Liver iron 

Table 1  Patients’ clinical 
characteristics

Data expressed as median (interquartile 25–75%)
WC waist circumference, BMI body mass index, ERT enzyme replacement therapy, SRT substrate reduction 
therapy
Data expressed as median (interquartile 25–75%)
* 2 patients did not receive ERT or SRT

Whole population ERT* SRT* p value

Number of patients 41 26 13
Male: Female 14: 27 10: 16 4: 9 0.733
Age (years) 41 (27–57) 45.5 (25.8–62) 36 (27–51.5) 0.208
Weight (kg) 69.5 (58.9–79) 70 (59.5–81.7) 63 (58.9–77.1) 0.243
Height (cm) 163 (156–170) 165.5 (155.8–172) 163 (158.5–168.5) 0.691
WC (cm) 89 (75.5–98.5) 91.5 (80–100.8) 78 (70.5–92.5) 0.010
BMI (kg/m2) 24.2 (22.4–28) 25.2 (21.9–30.1) 24.1 (22.6–26.5) 0.527
 BMI < 25 kg/m2 56% 13 (50%) 9 (69.2%)
 BMI 25–30 kg/m2 24% 6 (23.1%) 4 (30.8%) 0.109
 BMI > 30 kg/m2 20% 7 (26.9%) 0

Social alcohol consumption 10 (24%) 8 (30.8%) 2 (15.4%) 0.445
Blood transfusion 9 (22%) 4 (15.4%) 5 (38.5%) 0.129
ERT/SRT duration (years) 9 (6–10) 9 (5.8–10) 8 (4.5–10) 0.502
Splenectomy 5 (12%) 3 (11.5%) 2 (15.4%) 1.0
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concentration and blood transfusion (p > 0.05) presented no 
significant difference.

Most patients (87%) had normal liver stiffness. No 
patient with increased liver stiffness had stage 3 or 4 liver 
fibrosis. One missing value was seen in a patient with 
mild iron overload due to the black hole artifact. A strong 

correlation was found between liver and spleen volume 
(rho = 0.692, p < 0.001) (Fig. 3) and a moderate correlation 
was found between liver and spleen stiffness (rho = 0.453, 
p = 0.006) (Fig. 4). A moderate correlation was found 
between liver stiffness and liver fat fraction (rho = 0.420, 
p = 0.007) (Fig. 5). No significant difference was observed 

Table 2  Patients’ laboratory characteristics

Data expressed as median (interquartile 25–75%)
Hb Hemoglobin, AST aspartate aminotransferase, ALT alanine aminotransferase
* 2 patients did not receive ERT or SRT

Whole population ERT* SRT* p value

Number of patients 41 26 13
Hb (g/dL) 13.7 (12.6–14.8) 14.3 (13.2–15.3) 13.1 (11.9–13.5) 0.007
Anemia 5 (12.2%) 2 (7.7%) 3 (23.1%) 0.310
Platelets (per  mm2) 150,850 (101,550–209,300) 166,700 (104,700 – 

211,050)
147,300 (95,000 – 187,850) 0.826

Thrombocytopenia 
(< 140,000/mm2)

18 (43.9%) 12 (46.2%) 6 (46.2%) 1.0

AST (U/L) 19.5 (16–25) 19 (15.5–24.5) 22 (16.5–31.5) 0.353
ALT (U/L) 22 (15–29) 23 (14–29.5) 21.6 (15–27.5) 0.607
Ferritin (ng/mL) 273 (119–561) 241 (121–522) 400 (101–760) 0.543

Table 3  Patients’ MRI and MRE data

ERT enzyme replacement therapy, SRT substrate reduction therapy, MRS magnetic resonance spectroscopy, MRE magnetic resonance elastogra-
phy, SE spin-echo, TE echo time, LIC liver iron concentration, Hz Hertz, kPa kilopascal
Data expressed as median (interquartile 25–75%)
* 2 patients did not receive ERT or SRT
** 1 missing value due to black hole artifact in a patient with mild iron overload (85µmol/g)
*** 9 missing values: splenectomy (5 patients), artifacts on R2* map (4 patients)

Whole Population ERT* SRT* p value

Number of patients 41 26 13
Liver volume  (cm3) 1417 (1191–1704) 1414 (1170–1736) 1527 (1381–1668) 0.97
Hepatomegaly 14.6% 3 (11.5%) 3 (23.1%) 0.38
Liver Fat Fraction (MRS) (%) 4.1 (1.8–7.7) 5.6 (2.3–11.5) 2.3 (1.5–4.0) 0.015
 No steatosis (< 5%) 24 (58.6%) 12 (46.2%) 11 (84.6%) 0.037
 Steatosis (≥ 5%) 17 (41.4%) 14 (53.8%) 2 (15.4%)

Liver R2* (Hz) 57.4 (45.1–96.1) 75.6 (52.4–155.6) 47.2 (38.2–55.5) 0.006
LIC (µmol/g) 17.1 (13.2–29.2) 22.8 (15.5–47.9) 13.9 (11.0–16.5) 0.006
Liver iron overload (≥ 36 µmol/g) 9 (22%) 8 (30.8%) 1 (7.7%) 0.006
Liver MRE (SE TE30) (kPa) 2.1 (1.8–2.3) 2.2 (1.9–2.4) 2.0 (1.8–2.3) 0.394
 Normal stiffness (< 2.5 kPa) 35 (87%) 21 (84%) 12 (92.3%) 0.643
 Increased stiffness (≥ 2,5 kPa)** 5 (13%) 4 (16%) 1 (7.7%)

Spleen Volume  (cm3) 313 (182–675) 314 (211–686) 360 (145–733) 1.0
Splenomegaly 42% 9 (39.1%) 6 (54.5%) 1.0
Splenectomy 5 (12%) 3 (11.5%) 2 (15.4%) 1.0
Spleen MRE (kPa) 4.84 (4.36–5.72) 4.75 (4.16–5.8) 5.0 (4.7–5.57) 0.367
Focal spleen lesions 11(31%) 21 (80.8%) 10 (76.9%) 1.0
Spleen Iron overload*** (R2* ≥ 70 Hz) 12 (37%) 9 (39.1%) 3 (37.5%) 1.0
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for liver volume and steatosis grades (p > 0.05). Spleen 
stiffness and splenomegaly (p > 0.05) also did not present 
significant differences.

A weak correlation between liver stiffness and volume 
(rho = 0.348; p = 0.03) (Fig. 6) and a moderate correlation 
between liver stiffness and spleen volume (rho = 0.558; 
p < 0.001) (Fig. 7) were found. Moderate correlations were 
found between liver stiffness and GD-DS3 (rho = 0.559; 
p < 0.001) (Fig.  8) and between splenic volume and 
GD-DS3 (rho = 0.524; p = 0.001) (Fig. 9).

Discussion

Gaucher disease is rare and lack original studies, espe-
cially on post-enzyme replacement and substrate reduc-
tion therapies, which have changed the natural history of 
disease. This study focused on the multiparametric MRI 
and MRE assessment of the liver and spleen of 41 adults 
with type 1 Gaucher disease compared to severity score 
(GD-DS3)[27]. Ninety-five percent were under treatment 
with enzyme replacement therapy (ERT) or substrate 
reduction therapy (SRT). Positive correlations were found 

Fig. 1  Boxplots of liver fat fraction stratified by different treatments. 
Patients that used SRT had significantly lower liver fat fraction than 
patients that used ERT (p = 0.015)

Fig. 2  Scatterplot between liver and spleen R2*. A moderate cor-
relation was found between liver iron concentration and spleen R2* 
(rho = 0.537, p = 0.002)

Fig. 3  Scatterplot between liver volume and spleen volume. A strong 
correlation was found between liver volume and spleen volume 
(rho = 0.692, p < 0.001)

Fig. 4  Scatterplot between liver stiffness and spleen stiffness. A mod-
erate correlation was found between the liver stiffness and spleen 
stiffness (rho = 0.453, p = 0.006)
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between liver and spleen: iron overload; volume; and stiff-
ness. Severity score also correlated with liver stiffness and 
splenic volume. The prevalence of hepatosplenomegaly, 
liver fibrosis, and liver iron overload in treated patients 
with GD is low, which may be related to a beneficial effect 
of treatment.

Liver stiffness may be a biomarker of disease severity. 
In this population of treated patients, most had normal liver 
stiffness, which may reflect the good response to ERT/SRT. 
Strong and moderate correlations were found between liver 
and spleen volume and between liver and spleen stiffness, 
respectively, showing that the disease affects both organs 

simultaneously. Liver stiffness in GD can be increased by a 
combination of factors, like Gaucher cell infiltration, fibrosis 
and inflammation related to GD or to non-alcoholic fatty 
liver disease (NAFLD) due to GD and its treatment.

This is the first study to evaluate spleen stiffness by MRE 
in GD. No significant correlation was found between spleen 
stiffness and spleen iron overload. This contributes to the 
finding that increased stiffness on the spleen is not caused by 
iron deposition, which is probably the result of Gaucher cell 
infiltration on the spleen, inflammation and fibrosis related 
to GD. Portal hypertension was not present in our popula-
tion and did not contribute to the increased spleen stiffness. 

Fig. 5  Scatterplot between liver stiffness and liver fat fraction. A 
moderate correlation was found between the liver stiffness and liver 
fat fraction (rho = 0.420, p = 0.007)

Fig. 6  Scatterplot between liver volume and liver stiffness. A weak 
correlation was found between liver volume and liver stiffness 
(rho = 0.348, p = 0.03)

Fig. 7  Scatterplot between spleen volume and liver stiffness. A mod-
erate correlation was found between spleen volume and liver stiffness 
(rho = 0.558, p < 0.001)

Fig. 8  Scatterplot between liver stiffness and GD-DS3. A mod-
erate correlation was found between liver stiffness and GD-DS3 
(rho = 0.559; p < 0.001)
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Only one study evaluated spleen stiffness by ultrasound in 
GD patients and found higher median spleen stiffness than in 
the control population [28]. Iron deposition on the liver and 
spleen is common in patients with GD, found in 22% and 
37% of our population, respectively. A moderate correlation 
was found between spleen and liver iron overload, which 
once more indicates that the disease affects both organs 
simultaneously.

NAFLD needs further evaluation in GD. NAFLD was 
seen in 41.4% of the population, mostly mild steatosis. No 
previous study evaluated liver steatosis by MRI in GD. A 
study that used ultrasound reported liver steatosis in 37% of 
GD patients [28]. Liver stiffness may be increased in patients 
with NAFLD due to inflammation and fibrosis. No signifi-
cant difference was found between liver fat fraction and the 
different BMI groups. However, ERT and SRT may influ-
ence liver fat deposition. Patients treated with SRT had sig-
nificantly lower liver fat fraction than patients treated with 
ERT (2.3% vs 5.6%; p = 0.015). This is probably related to 
the mechanism of action of SRT, an oral therapy that pro-
motes weight loss and diarrhea. On the other hand, ERT is 
an intravenous treatment that induces weight gain due to the 
reduction of the basal metabolism. Patients with no treat-
ment have accelerated metabolism due to lack of enzyme. 
After ERT, there is a reduction of the basal metabolism and 
patients gain weight.

Hepatomegaly was seen in 15% and splenomegaly in 
42% of the population. Hepatomegaly is common in GD 
and usually accompanies splenomegaly. Before ERT and 
SRT, the prevalence of hepatomegaly has been described 
from 87 to 100% [29–33] and splenomegaly in 100% [29, 
30]. Hepatosplenomegaly decreases mainly during the first 

two years of ERT. Responses are influenced by pretreat-
ment volume [29, 34]. When organomegaly is severe, the 
presence of fibrosis precludes volume normalization [29, 
34]. The lower prevalence of hepatosplenomegaly may be 
explained by the long-term treatment with SRT/ERT in our 
population. Hepatosplenomegaly may be caused by infil-
tration of Gaucher cells but fibrosis and inflammation due 
to GD may also contribute to liver and spleen enlargement.

We acknowledge that the higher cost of MRI compared 
to US (for volume and stiffness) and CT scan (for volume 
and focal lesions) would make this assessment difficult to 
do except at large centers with highly trained and sub-spe-
cialized services. Further studies are necessary to assess 
the value of ultrasound elastography as a biomarker of 
disease severity in the Gaucher disease population.

Our study had limitations and strengths. The population 
is small. However, GD is rare and all studies on GD have 
small populations. This prospective study has the larg-
est sample size of GD patients that underwent a thorough 
multiparametric MRI and MRE correlated to the severity 
score (GD-DS3). Additionally, 2D spin-echo echo-planar 
sequence was used to overcome blackhole artifact due to 
iron deposition. No study has performed all these MR 
evaluations in GD patients. A complete laboratory meta-
bolic evaluation was not performed and the influence of 
metabolic syndrome on GD patients could not be evalu-
ated. At last, liver biopsy was not performed due to lack of 
clinical indication and ethical considerations.

In conclusion, in this population of mostly treated 
adults with type 1 GD, we found that liver and spleen dis-
ease occur simultaneously. There was low prevalence of 
hepatosplenomegaly, liver fibrosis, and liver iron overload 
that could be related to a beneficial effect of treatment. 
Severity score (GD-DS3) correlated with liver stiffness 
and splenic volume, which suggests that these imaging 
parameters may be biomarkers of disease severity.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00261- 024- 04293-w.
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