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Abstract. – OBJECTIVE: The aim of this study 
was to determine the splenic stiffness (SS) val-
ues in healthy individuals as measured by 3 Tes-
la magnetic resonance elastography (3T MRE) 
and to investigate the possible effects of param-
eters such as age, sex, spleen volume, diameter, 
and parenchyma thickness on SS.

PATIENTS AND METHODS: This cross-sec-
tional study was conducted in August 2023. A 
total of 54 healthy volunteers were included in 
this study. Participants’ age and sex information 
were recorded, in addition to spleen craniocau-
dal and anteroposterior diameter, cortical thick-
ness, spleen volume, and SS, which were mea-
sured using 3T magnetic resonance imaging and 
MRE. The relationships between SS and the oth-
er variables were investigated.

RESULTS: Twenty-nine male and 25 female sub-
jects with a mean age of 54.78 ± 15.40 years were 
included in the study. Mean craniocaudal diameter 
was 10.46 ± 1.16 cm, anteroposterior diameter was 
9.88 ± 1.29 cm, parenchyma thickness was 4.08 ± 
0.67 cm, SS was 3,721.94 ± 709.69 Pascal (Pa), and 
median spleen volume was 292.54 (239.40 - 311.00) 
cm3. A significant and strong positive correlation 
was observed between age and SS (r = 0.779, p 
< 0.001). The SS values were not associated with 
sex, craniocaudal diameter, anteroposterior diam-
eter, parenchymal thickness, or volume.

CONCLUSIONS: Age should be considered 
when using SS in the diagnosis and staging of 
relevant diseases such as portal hypertension 
and esophageal varices. Our results should be 
confirmed by future studies using 3T MRE in 
larger populations.
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Introduction

The spleen, the largest secondary immune or-
gan in humans, plays a pivotal role in initiating 

immune responses against antigens present in the 
blood, as well as carrying out its better-known 
function as a filter that removes foreign particles 
and old or impaired red blood cells from circula-
tion1. The size and elasticity (firmness or stiffness) 
of the spleen are important clinical examination 
findings that can be associated with infections, 
malignancies, storage disorders, and diseases im-
pacting the liver and the hematological system2.

Spleen elasticity has demonstrated its utility in 
diagnosing, staging, and evaluating conditions, 
such as portal hypertension and esophageal vari-
ces. Examination of elasticity can also be used to 
assess response to β-blocker therapy in high-risk 
esophageal varices, to monitor patients receiving 
transjugular intrahepatic portosystemic shunts, 
and to examine cirrhosis or hepatic fibrosis3-8. 
Over the past decade, spleen stiffness (SS) mea-
surements have been demonstrated to be valuable, 
especially in predicting esophageal varices and 
clinically significant portal hypertension9. These 
relationships are largely explained10 by the im-
pact of the portal vein system since passive con-
gestion and tissue hyperplasia due to extrahepatic 
hemodynamics can increase SS11. While certain 
studies3,12-14 underscore the effectiveness of SS in 
forecasting and staging esophageal varices, some 
studies15-17 highlight its inconsistency and poor re-
peatability. These controversial findings may be 
a result of different measurement methodologies 
and insufficient examination of various factors that 
could affect SS and its quantification. For instance, 
it remains uncertain whether factors such as spleen 
volume, diameter, thickness, age, sex, ethnicity, 
genetic factors, and anthropometric measurements 
affect SS. In addition, there is a paucity of data re-
garding reference ranges for SS, due to the small 
number of studies in healthy individuals2,10,18-21.

Various techniques have been described for 
measuring SS, such as transient elastography, 
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acoustic radiation force impulse (ARFI)21, shear 
wave elastography (SWE)22, real-time tissue elas-
tography (RTE)23, virtual touch tissue quantifi-
cation24, and magnetic resonance elastography 
(MRE)25,26. However, each modality has disad-
vantages. Transient elastography, which is one of 
the most widely used methods for the evaluation 
of organ stiffness, requires a special fibroscan de-
vice, and reliability has been proven to be limit-
ed in the presence of obesity and ascites27. ARFI 
and 2-dimensional SWE are newly emerging ul-
trasound-based technologies that can be used in 
the presence of ascites. However, the validity of 
these two techniques is limited, quality criteria 
are not well defined, and there are concerns about 
their reproducibility14,28. Although RTE, an ultra-
sound-based technique measuring relative elastic-
ity, has been reported23 to outperform aforemen-
tioned techniques, there are very few studies29 
examining this particular modality. MRE of the 
spleen is known20,29 to be a technically success-
ful and feasible method in healthy volunteers and 
patients with chronic liver disease. Recent stud-
ies25,26,30 have shown that MRE has high test-retest 
consistency as well as low intra- and inter-observ-
er variability. MRE also allows the organ to be 
evaluated in its entirety and has standardization 
between producer platforms and field strengths31.

Despite the existence of studies utilizing MRE to 
evaluate SS, the majority of research on this topic 
is hindered by several important limitations. Most 
studies25,31,32 used 1.5 Tesla (T) MR imaging (MRI), 
with limited research on 3T devices19,33. The num-
ber of participants is often very low18,25,33, and this 
limitation is particularly pertinent in healthy popula-
tions18-20,32. Finally, to our knowledge, there are very 
few studies18 that have examined healthy volunteers, 
which is an important problem limiting data on SS 
variability in the healthy population. Finally, to the 
best of our knowledge, no study has exclusively in-
cluded healthy volunteers for SS examination via 3T 
MRE or examined the factors influencing SS in this 
population. Therefore, in this prospective study, we 
aimed to determine the SS range in healthy adult 
volunteers (measured by 3T MRE) and to investi-
gate the effects of age, sex, spleen volume, diameter, 
and parenchyma thickness on SS.

Patients and Methods 

Study Design, Setting and Ethical Issues
Our study was conducted in the radiology 

department of the BHT Clinic Istanbul Tema 

Hospital with the approval and permission of 
the Academic Board and Ethics Committee of 
Istanbul Nişantaşı University (meeting number 
2023/33-13). All procedures were performed in 
accordance with the Declaration of Helsinki and 
its amendments. Written informed consent was 
obtained from all the participants. 

Subjects
A total of 82 healthy volunteers selected from 

outpatients admitted to the internal medicine out-
patient clinic who underwent abdominal MRI for 
any reason were included in the study. Patients 
younger than 18 years of age; those with known 
abdominal, cardiovascular, autoimmune, or he-
matologic diseases; individuals who had a history 
of splenic trauma or surgery; patients with comor-
bidities who required regular drug use; and those 
with findings consistent with any diagnoses that 
could affect MRI findings were excluded from the 
study. The total number of excluded patients was 
28, and fifty-four patients were admitted to the 
study and statistically analyzed.

Data Collection
Participants’ age and sex were recorded. Pa-

tients underwent clinical examinations after ob-
taining a detailed medical history to determine 
whether they met the exclusion criteria. Infor-
mation about liver disease(s) was obtained by 
retrieving hospital records. The following data 
examined with MRI and MRE studies were re-
corded: SS, craniocaudal and anteroposterior 
spleen diameters, cortical thickness, and spleen 
volume.

MRI and MRE Protocols
All patients underwent MRI using an MR 

scanner with a general torso coil with 30-channel 
AIR technology (General Electric 3.0 Tesla Sig-
na Architect, Waukesha, WI, USA) according to 
the routine protocol for the upper abdomen. All 
patients underwent imaging following a 6-hour 
fast. Routine unenhanced upper abdominal MRIs 
included Coronal T2 SSFSE, Axial T2 SSFSE, 
Axial MR Touch, Axial T2 fat-saturated SSFSE, 
axial T1 dual-echo, axial DWI B50.800, Coronal 
DWI B50.800, Axial Proton Density Fat Fraction, 
Coronal Proton Density Fat Fraction sequences. 
For this purpose, upper abdominal scans were 
obtained to completely cover the spleen with 
6-mm axial and 6-mm coronal section thickness-
es, planned on T2 images (axial TR/TE values, 
1,100/93 ms; coronal TR/TE values, 1,250/87 ms; 
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axial and coronal FOV, 400 × 400 mm; axial ma-
trix, 320 × 288; coronal matrix, 352 × 288). 

The MRE was obtained by placing an inter-
nal driver with a pneumatic membrane of 19 cm 
in the substernal region. MRE acquisitions were 
performed using a single breath-hold. Propagating 
shear waves were imaged using a motion-sensitized 
imaging sequence. A Spin-Echo Planar Imaging 
Sequence (General Electric Healthcare Waukesha, 
Wisconsin, USA) (SE-EPI) sequence was used 
to acquire axial wave images with the following 
parameters: repetition time (ms)/echo time (ms), 
50/23; continuous sinusoidal vibration, 60 Hz; field 
of view, 32-42 cm; matrix size, 256 × 64; flip angle, 
30°; section thickness, 9 mm; four evenly spaced 
phase offsets; and four pairs of 60-Hz trapezoidal 
motion-encoding gradients with zeroth and first 
moment nulling along the through-plane direction. 
All processing steps were applied automatically 
without manual intervention to yield quantitative 
images of tissue shear stiffness in Pascals. 

Routine upper abdominal MRI scans were eval-
uated by two radiologists with > 10 years of ex-
perience in abdominal imaging. The evaluations 
were performed on a General Electric AW work-
station using the MR Touch Software  (General 
Electric Healthcare Waukesha, Wisconsin, USA). 
Spleen size and volume measurements were per-
formed on coronal and axial single-shot fast spin-
echo (SSFSE) sections on the same workstation. 
Spleen parenchymal thickness and the longest 
length were measured in the axial plane, and the 
craniocaudal length was measured in the best cor-
onal plane in the section with the largest spleen 
surface. At the workstation, the Volume Viewer 
application was used to measure the splenic vol-
ume based on the Cavalieri method. Subsequent-
ly, axial SSFSE T2 slices and color map data were 
combined. Using the image cloning technique, a 
manual region of interest was initially delineated 
along the spleen contours on the axial slice with 
the most extensive spleen surface. After cloning 
the fusion images, the SS was measured in Pascal 
(Pa) units from the largest splenic slice. The de-
scribed protocol was repeated three times on the 
widest splenic surface in all the cases (Figure 1).

Outcomes
The primary outcome of the study was to investi-

gate the normal range of SS measured by 3T MRE in 
healthy individuals and to investigate the relationship 
between SS and the following parameters: age, sex, 
splenic parenchymal thickness, craniocaudal and an-
teroposterior length of the spleen, and spleen volume.

Statistical Analysis
All statistical analyses, subject to a significance 

threshold of p < 0.05, were conducted using IBM 
SPSS for Windows (version 25.0; IBM Corp., 
Armonk, NY, USA). The distribution of contin-
uous variables was assessed using the Kolmog-
orov-Smirnov test. Descriptive statistics are pre-
sented as mean ± standard deviation for normally 
distributed continuous variables, median (1st quar-
tile-3rd quartile) for non-normally distributed con-
tinuous variables, and frequency (percentage) for 
categorical variables. To explore the relationships 
between the variables and spleen stiffness (SS), 
Pearson, Spearman, or point-biserial correlation 
coefficients were calculated as appropriate.

Results

Twenty-nine male and 25 female subjects with 
a mean age of 54.78 ± 15.40 years were included 
in the study. The mean spleen craniocaudal diam-
eter was 10.46 ± 1.16 cm, the anteroposterior di-
ameter was 9.88 ± 1.29 cm, parenchyma thickness 
was 4.08 ± 0.67 cm, SS was 3,721.94 ± 709.69 Pa, 
and the median spleen volume was 292.54 (239.40 
- 311.00) cm3. A significant and strong positive 
correlation was found between age and SS (r = 
0.779, p < 0.001) (Figure 2). However, SS did not 
have a significant relationship with sex (Figure 3), 
craniocaudal diameter (Figure 4), anteroposterior 
diameter (Figure 5), parenchymal thickness (Fig-
ure 6), or volume (Figure 7) (Table I).

Discussion

In recent years, elastography techniques have 
played an increasingly prominent role in the eval-
uation of various diseases25. MRE, an MRI-based 
quantitative SWE method, has been demonstrat-
ed to be a promising modality for the evaluation 
of SS25. However, there is a lack of studies inves-
tigating sufficiently large healthy populations to 
identify the underlying factors that influence SS. 
Our study showed that age has a strong effect on 
SS, which could be valuable in the diagnostic or 
prognostic use of this measurement in various 
conditions. In a recent review14 that calculated 
aggregated and weighted values for diagnostic 
performance, the sensitivity, specificity, and area 
under curve values of MRE were reported to be 
79%, 90%, and 92%, respectively. Describing 
SS values in healthy populations can increase di-
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Figure 1. A, Axial T2 SE. B, Phase wave image. C, Elastography color map. D, Elastography wave map. E, T2 SE and EPI elastography fusion image. F, Elastog-
raphy stiffness (Pa) measurement from fusion image.



S. Poçan, L. Karakaş

11726

agnostic accuracy and may prove critical in the 
design of studies, particularly in the selection of 
controls and determination of study group sizes. 
Few studies34 have identified factors affecting 
the success of SS measurement. In the present 
study, the mean SS value measured by 3T MRE 
in healthy individuals was 3,721.94 ± 709.69 Pa 
(3.7 ± 0.7 kPa). While a strong positive correlation 
was found between SS and age, there were no sig-
nificant relationships with sex, craniocaudal and 

anteroposterior diameters, parenchyma thickness, 
or volume.

The predominant focus of studies3,12,13,29 ex-
ploring spleen elasticity has been on portal hy-
pertension and esophageal varices. In addition to 
the limited number of studies examining healthy 
populations, the literature shows that most of 
these studies2,10,21,35 have utilized ultrasonogra-
phy-based measurements. Comprehensive SS 
measurements by MRE in healthy populations 

Figure 2. Scatter plot of stiffness and age.

Table I. Summary of variables and correlations with stiffness.

Variable	 Descriptive statistic	 r	 p

Age (years)	 54.78 ± 15.40	 0.779	 < 0.001
Sex			 
  Male	 29 (53.70%)	 -0.059	 0.673
  Female	 25 (46.30%)		
CC diameter (cm)	 10.46 ± 1.16	 -0.075	 0.591
AP diameter (cm)	 9.88 ± 1.29	 0.171	 0.215
Thickness (cm)	 4.08 ± 0.67	 0.183	 0.185
Volume (cm3)	 292.54 (239.40 - 311.00)	 0.142	 0.307
Stiffness (Pascal)	 3,721.94 ± 709.69	 -	 -

Descriptive statistics are given as mean ± standard deviation for normally distributed continuous variables, as median 
(1st quartile - 3rd quartile) for non-normally distributed continuous variables and as frequency (percentage) for categorical 
variables. AP: Anteroposterior, CC: Craniocaudal, r: Correlation coefficient for stiffness.
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have been very rarely reported18. As mentioned 
before, our results reveal a mean value of 3,721.94 
± 709.69 Pa. In several studies reporting the re-
sults of their healthy controls, SS values were as 
follows: 3.6 ± 0.3 kPa20, 3.67 ± 1.15 kPa, and 3.565 
± 586 Pa (driver on the right side)19, 4.255 ± 625 
Pa (driver on the left side)18. These outcomes ap-
pear to be largely consistent with our findings. As 
a general consensus, it appears that SS results in 
healthy volunteers, including the present study, 
are lower than those reported3,12,14 in patients with 
chronic liver disease.

An important clinical implication of our study 
is that a strong positive correlation was detected 
between age and SS but not with sex and SS. Lee 
et al35 investigated the relationship between age 
and SS in healthy children (measured using ARFI 
shear wave velocity). The ARFI values for the 
spleen in all children demonstrated a positive cor-
relation with age35, similar to our results. Mannel-
li et al18 conducted a similar study, and although 
a positive correlation was found between age and 
spleen stiffness measured by 1.5T MRE, this re-
lationship was not significant. This might be asso-

Figure 3. Scatter plot of stiffness and sex.

Figure 4. Scatter plot of stiffness and CC diameter.
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ciated with the fact that this study only included 
16 healthy volunteers18. Another similar study22 
utilized SWE to measure SS in healthy children 
and found that sex and age did not have any effect 
on SS. Albayrak et al10 used SWE and reported 
that SS did not differ according to sex and age. 
Several other studies2,21,36,37 are also in agreement 
with these findings, showing a lack of relationship 
between ultrasonography-measured SS and age 
and sex. Despite these findings, the results of our 
study are of interest since it is the first study that 
included only healthy volunteers and was con-

ducted using 3T MRE. The impact of age on SS 
may be associated with age-related morphologi-
cal, histological and physiological changes that 
occur in the spleen38. The microscopic structure 
of the spleen may also change according to the 
stage of organ development, age, and immunolog-
ical status of the individual39. Alex et al40 exam-
ined the effects of age on human spleen histology 
in a postmortem study. They reported that cap-
sule thickness, trabecular meshwork, and char-
acteristics of white pulp and red pulp varied in 
different age groups40. Animal studies38,41-44 have 

Figure 5. Scatter plot of stiffness and AP diameter.

Figure 6. Scatter plot of stiffness and thickness.
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also shown that changes occur in the spleen with 
aging, such as white pulp atrophy, reduction of the 
germinal center, decreased extramedullary hema-
topoiesis, and intracellular alterations. Perhaps 
more importantly, age is confirmed41,45 to impact 
the cellular content of the spleen. It is also notable 
that hepatic fibrosis increases with age46, which 
may impact splenic characteristics indirectly and 
this alteration could also be true for the spleen. 
In addition, spleen elasticity could be affected by 
vascular disease or degeneration since the spleen 
is characterized by extreme vascularity. Although 
our finding of an elevated trend in SS with age 
requires validation through studies involving 
larger populations, these outcomes underline the 
importance of considering age as a factor in the 
assessment, diagnosis, and staging of relevant 
conditions in which SS is examined.

Spleen elasticity can be affected by factors 
that depend on the measurement method cho-
sen, spleen-related features, and patient-related 
factors. All ultrasound-based methods employed 
for SS measurement are influenced by the quan-
tity of abdominal fat. This is because the effi-
cacy of these techniques relies on the propaga-
tion of waves within the tissue14. In the current 
study, it was shown that SS was not affected 
by other splenic features, including craniocau-
dal and anteroposterior diameter, parenchymal 
thickness, and volume when measured with 3T 
MRE. Mannelli et al18 found no significant asso-
ciation between SS and various other measures, 
including body mass index (BMI), mean arterial 

blood pressure, spleen volume, or liver stiffness 
in healthy volunteers. Interestingly, they found18 
a significant difference in SS values obtained us-
ing the two driver positions. SS measured with 
the driver on the left side was significantly high-
er than that measured with the driver on the right 
side. In the study of Albayrak et al10, no signifi-
cant correlation was found between SS value and 
longitudinal spleen size, transverse spleen size, 
height, weight and BMI. Pawluś et al2 showed 
no relationship between SS value measured by 
SWE and spleen size. Kassym et al21 evaluated 
the spleen elasticity of healthy subjects using 
ARFI and found no significant relation between 
SS and spleen size or obesity. On the other hand, 
in a study19 measuring SS by MRE, a significant 
relationship was found between spleen volume 
and SS in patients with polycystic kidney dis-
ease – but not in healthy subjects and patients 
with post-Fontan hepatopathy. Bhatia et al22 con-
ducted a prospective study investigating SS with 
SWE in healthy children and reported that the 
mean SWE values in the two groups were as-
sociated with splenic length. They found higher 
SS values at greater splenic length22. In a ret-
rospective analysis34 of factors influencing SS 
(measured via SWE) in adult patients, it was ob-
served that patients with splenomegaly, elevated 
liver stiffness, and significant fibrosis had no-
tably higher mean SS values compared to other 
individuals. In multivariable logistic regression 
analysis, abdominal wall thickness and longitu-
dinal diameter of the spleen were identified as 

Figure 7. Scatter plot of stiffness and volume.
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independent predictors of the success of SS mea-
surement. In another study47, it was demonstrated 
that the spleen longitudinal diameter and spleen 
area were significantly lower in patients with SS 
measurement failure with transient, while BMI 
was not different between groups, indicating 
that access to the spleen was the most import-
ant factor enabling accurate measurement. Bal-
akrishnan et al48 demonstrated that the repro-
ducibility of ARFI SWE-based SS measurement 
is influenced by splenomegaly. The data trend 
indicated that SS measurement had relatively 
better reproducibility when the spleen size ex-
ceeded 12 cm48. The reason for these conflicting 
results may be the selected measurement method 
and the selected patient population. Therefore, 
to clarify the effect of spleen-related features on 
SS, comprehensive studies with homogeneous 
and large populations (patients or healthy sub-
jects) should be conducted.

Limitations
The limitations of the current study include the 

sample size and single-center design, which affects 
generalizability. However, increasing the sample 
size for expensive measurements is difficult, espe-
cially for the assessment of a healthy population. 
Additionally, very few studies have utilized 3T 
MRI; therefore, the methodology used for evalu-
ation could require further optimization. However, 
despite examining liver stiffness, Manelli et al49 
demonstrated that 3T MRE measurements could 
be performed without modifying the approach 
used at 1.5T, and therefore, it is feasible to assume 
that SS measurements with 3T devices would not 
require major alterations in methodology. We could 
not perform anthropometric measurements on the 
participants; therefore, the effect of BMI on SS was 
not examined. However, apart from a few studies 
demonstrating the adverse effects of obesity (very 
high BMI) on measurements, various studies5,10,21 
have shown that BMI has no effect on SS. As the 
main purpose of this study was to assess healthy 
volunteers who had undergone MRE for various 
reasons, validation using other measurement meth-
ods could not be performed. Although previous 
studies25,26,30 have reported that intra- and inter-ob-
server agreement rates are excellent in evaluat-
ing spleen elasticity with MRE, the consistency 
of measurements was not evaluated in this study, 
which could bias the results. Finally, no effort was 
made to standardize water intake before measure-
ments, which is a potential factor that could impact 
the results, as reported by Dittmann et al50.

Conclusions

Our data demonstrated a strong positive cor-
relation between age and SS measured using 3T 
MRE. There was no significant relationship be-
tween SS and the other parameters examined in 
this study, including sex and various splenic mea-
sures. We believe that age should be considered 
when utilizing SS for the diagnosis, staging, or 
prognostication of relevant diseases or conditions, 
including portal hypertension and esophageal var-
ices. Our results and the questions surrounding 
the impact of other factors should be confirmed 
by future studies, preferably employing 3T MRE.
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