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Abstract 

Background This study aimed to assess the feasibility of postmortem ultra‑high‑field magnetic resonance imaging 
(UHF‑MRI) to study fetal musculoskeletal anatomy and explore the contribution of variation in iodine and formalde‑
hyde (paraformaldehyde, PFA) treatment of tissue.

Methods Seven upper extremities from human fetuses with gestational ages of 19 to 24 weeks were included in this 
experimental study, approved by the Medical Research Ethics Committee. The specimens were treated with various 
storage (0.2–4% PFA) and staining (Lugol’s solution) protocols and the wrist joint was subsequently imaged with 7.0 T 
UHF‑MRI. Soft‑tissue contrast was quantified by determining regions of interest within a chondrified carpal bone 
(CCB) from the proximal row, the triangular fibrocartilage (TFC), and the pronator quadratus muscle (PQM) and calcu‑
lating the contrast ratios (CRs) between mean signal intensities of CCB to TFC and CCB to PQM.

Results UHF‑MRI showed excellent soft‑tissue contrast in different musculoskeletal tissues. Increasing storage time in 
4% PFA, CRs decreased, resulting in a shift from relatively hyperintense to hypointense identification of the CCB. Stor‑
age in 0.2% PFA barely influenced the CRs over time. Lugol’s solution caused an increase in CRs and might have even 
contributed to the inversion of the CRs.

Conclusions UHF‑MRI is a feasible technique to image musculoskeletal structures in fetal upper extremities and 
most successful after short storage in 4% PFA or prolonged storage in 0.2% PFA. The use of Lugol’s solution is not 
detrimental on soft‑tissue MRI contrast and therefore enables effectively combining UHF‑MRI with contrast‑enhanced 
micro‑computed tomography using a single preparation of the specimen.

Relevance statement UHF‑MRI can be performed after CE‑micro‑CT to take advantage of both techniques.

Key points  
• UHF‑MRI is feasible to study human fetal cartilaginous and ligamentous anatomy.

• Storage in low PFA concentrations (i.e., 0.2%) improves soft‑tissue contrast in UHF‑MRI.

• Limited preservation time in high concentrations of PFA improves soft‑tissue contrast in UHF‑MRI.

• Prior staining with Lugol’s solution does not reduce soft‑tissue contrast in UHF‑MRI.
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Graphical Abstract

Background
Knowledge regarding human fetal three-dimensional 
(3D) musculoskeletal development was generally based 
on two-dimensional (2D) histological studies [1–3]. 
Nowadays, the need for direct comparison of histo-
pathology with 3D imaging is apparent in studies on 
embryological development assuring accurate anatomi-
cal topography [4, 5]. In this respect, postmortem high-
resolution micro-computed tomography (micro-CT) and 
ultra-high field MRI (UHF-MRI) have recently received 
considerable attention [6–9].

Visualization of fetal musculoskeletal structures 
appears insufficient using micro-CT due to the lack of 
contrast between cartilage and other soft tissues [10]. 
To overcome this issue and generate soft-tissue con-
trast using micro-CT, iodine-based Lugol’s solution is 
currently most frequently used as a contrast agent [6]. 
This technique has several drawbacks, such as the labor-
intensive process, visible tissue coloration, and tissue 
shrinkage, although the latter problem has recently been 
substantially reduced by stabilizing the pH using a buff-
ered Lugol’s solution since a decrease in pH level induced 
tissue shrinkage [11–13].

On the other hand, MRI with fast-spin-echo and gradi-
ent-echo sequences is known for its excellent soft-tissue 
contrast, and therefore generally the modality of choice 
in clinical musculoskeletal imaging [14–16]. Postmor-
tem UHF-MRI, generally performed using MRI with a 
magnetic field strength ≥ 7 T, has been shown to provide 
high-resolution imaging of early gestational stage fetuses 
with excellent spatial resolution, tissue contrast, and 
diagnostic potential [6, 17–20].

As both UHF-MRI and micro-CT prove to be adequate 
modalities in visualizing different anatomical structures, 
the combination of both modalities may potentially be 
applied in future postmortem fetal imaging. When com-
bining these modalities however, the effects of fixation 
and storage of specimens in formaldehyde solutions, 
such as paraformaldehyde (PFA), and of iodine-staining 
on UHF-MRI should be evaluated since these solutions 
appear to affect T1, T2, and T2* relaxation times and 
therefore signal intensity (SI) [21].

This study therefore aimed to (1) assess the feasibility 
of postmortem UHF-MRI in visualizing the forming car-
tilage and ligaments in different developmental stages, 
(2) determine the contrast ratio (CR) between several 
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musculoskeletal structures in order to quantify this fea-
sibility, and (3) evaluate the influence of different staining 
and storage protocols (i.e., iodine and formaldehyde solu-
tions). In this study, we focused on imaging of the human 
fetal upper extremity because it provides an excellent 
example of musculoskeletal development and represents 
an intricate anatomical region for assessing spatial reso-
lution and differences in tissue contrast.

Methods
The present experimental study included specimens 
from the Dutch fetal biobank, located at Amsterdam 
University Medical Centers (Amsterdam UMC), loca-
tion AMC, from December 2018 until December 2020. 
Maternal and paternal informed consent for donation 
to the Dutch Fetal Biobank was obtained after deci-
sion-making and prior to the induction of labor. Ethi-
cal approval was granted via the accredited Medical 
Research Ethics Committee Amsterdam UMC (METC 
127 2016_285,#B2017369).

Specimen
We included human fetal upper extremities of fetuses 
with gestational ages ranging from 19 to 24 weeks from 
both sexes, without congenital defects or with a congeni-
tal defect (e.g., chromosomal abnormality), provided that 
these defects did not concern the anatomy of the upper 
extremities. Exclusion criteria were fetal specimens with 
a congenital defect that caused macroscopic or potential 
upper extremity deformities. As the present study was 
within the scope of the biobank, no additional consent 
was required.

Fixation
All specimens were fixed in freshly dissolved 4% (w/v) 
PFA in phosphate-buffered saline (PBS) (10  mM 
 Na2HPO4/NaH2PO4 and 150 mM NaCl, pH 7.6) for 48 h 
on a shaking tray at 4  °C. After fixation, all specimens 
were stored in a 4% PFA solution in PBS at 4 °C, except 
for specimen 6, which was stored in 0.2% PFA in PBS at 
4  °C. Specimens were scanned at different time points 
after fixation in order to assess the effect of storage time.

Imaging
Ex vivo UHF-MRI at 7.0  T of all seven specimens was 
performed using an MR Solutions scanner (model MRS 
7024, MR Solutions, Guildford, UK) and depending on 
the specimen’s size either with a 35-mm diameter quad-
rature volume coil or a 20-mm diameter mouse head coil. 
In order to enable high-resolution imaging and maintain 
the natural distal radioulnar joint congruity as much as 
possible, the upper limb was detached proximally from 
the elbow joint. The samples were stabilized within a 

Falcon tube and the wrist joint was positioned as neutral 
as possible. The tubes were filled with Fomblin (FenS, 
Goes, the Netherlands), which is an inert and hydro-
phobic perfluoropolyether-based lubricant that gives no 
signal on MRI and provides susceptibility matching to 
reduce field inhomogeneities.

The specimens were imaged with an exploratory fast 
low angle shot (FLASH) sequence, with the following 
technical parameters: field of view from 36 × 18 × 18 to 
70 × 35 × 35  mm3, depending on the size of the speci-
men; echo time (TE) 7  ms or 12  ms; pulse repetition 
time (TR) from 20 to 50  ms; flip angle from 25 to 40°; 
spatial resolution from 0.070 to 0.137  mm; matrix size 
512 × 256 × 256; number of excitations from 6 to 20; and 
acquisition time from 4 h 20 min to 7 h 15 min, depend-
ing on the number of excitations and TR. Scan parame-
ters varied between specimens in order to obtain optimal 
image contrast for different specimen sizes. Additional 
factors, such as temperature during imaging and manu-
facturing origin of the fixative, which are known to be of 
influence in the imaging protocol of fetal upper extremi-
ties, were kept constant [22, 23].

Storage and tissue staining
The effect of the following variables was assessed: (1) 
storage time, (2) PFA concentration used during stor-
age, and (3) staining with Lugol’s solution. An overview 
of the different variables between specimens is provided 
in Fig. 1.

A decrease in pH level during staining induces tis-
sue shrinkage [13]. As dissolved PFA in PBS can oxidize 
and form formic acid, we aimed to evaluate if storage in 
(relatively high percentage) 4% PFA might have a simi-
lar effect on MR image quality. Only one specimen was 
stored in 0.2% PFA as a reference. Since it was hypoth-
esized that MR image quality is affected by storage in a 
higher percentage of PFA due to the possibility of acidi-
fication because of the formation of formic acid [13], we 
selected several storage times between 0 and 3 months in 
order to visualize a potential trend over time. After fixa-
tion in 4% PFA, specimens 1 to 5 were stored in 4% PFA 
and scanned at different periods of storage, i.e., 8, 24, 
33, 60, and 82 weeks, respectively, in order to assess the 
effect of storage time.

In order to compare the effect of storage percentage in 
4% PFA to 0.2% PFA, one random specimen was stored in 
0.2% PFA and imaged at two storage time points. Speci-
men 6 was stored in 0.2% (w/v) PFA after fixation and 
imaged after six weeks of storage to assess the effect of 
PFA concentration in comparison to specimen 1, which 
was stored in 4% PFA for a comparable duration. There-
after, specimen 6 was imaged again at 24 weeks and then 



Page 4 of 12Josemans et al. European Radiology Experimental            (2023) 7:28 

compared to specimen 2, which was stored in 4% PFA for 
the same duration.

For staining, a 3.75% Lugol’s solution was prepared 
from a 15% stock solution of Lugol (10 g KI and 5 g  I2 dis-
solved in 100  mL bi-distilled water [6]. To evaluate the 
direct effect of staining, a specimen with relatively long 
conservation time, i.e., 34  weeks in 4% PFA (specimen 
7), was imaged prior and after 2  weeks of immersion in 
a 3.75% Lugol’s solution. Additionally, a specimen with a 
relatively short conservation time, i.e., eight weeks in 4% 
PFA (specimen 1) was imaged after four weeks of immer-
sion in 3.75% Lugol’s solution in order to evaluate a poten-
tial influence of storage time in combination with Lugol’s 
staining. Slight differences in staining time unfortunately 
occurred due to the dependence on MRI practicalities.

Contrast ratios
In order to substantiate the visual soft-tissue contrast, 
two CRs between different types of soft tissue were deter-
mined: (1) the ratio of the signal intensity (SI) in the most 
homogenous chondrified carpal bone (CCB) from the 
proximal carpal row to the SI in the triangular fibrocar-
tilage (TFC) and (2) the ratio of the SI of the CCB to the 

SI of the pronator quadratus muscle (PQM). The SIs that 
were used for the calculation of the CRs were determined 
by a single observer (G.S., physicist with 23 years of MRI 
experience) who was blinded for gestational age and fixa-
tion, storage, and staining protocol. The observer used a 
DICOM medical imaging viewer (Horos v.4.0.0, Horos 
project, Annapolis, MD, USA), in which a region of inter-
est (ROI) was manually drawn within the visually most 
homogenous part in each structure in the mid-coronal 
slice. The mean SI, surface area, and standard deviation 
of each ROI were determined in Horos. The CRs were 
calculated by applying the following formulas where the 
SIs are the mean SIs within that ROI:

A positive CR indicates a relatively hyperintense SI 
of CCB compared to TFC or PQM, and a negative ratio 
indicates a relative hypointensity.

CRCCB/TFC =
(SICCB − SITFC)

(SICCB + SITFC)

CRCCB/PQM =
SICCB − SIPQM

(SICCB + SIPQM)

Fig. 1 Diagram of ultra‑high‑field magnetic resonance imaging, staining, and fixation protocols for individual specimen. FA Flip angle, PFA 
Paraformaldehyde, TE Echo time, TR Repetition time
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Results
Seven human fetal upper extremities of six fetuses 
with gestational ages ranging from 19 to 24  weeks 
were included. An overview of the included fetal upper 
extremities is provided in Table 1.

Feasibility and visualization of musculoskeletal structures
In Fig.  2, we show that the UHF-MRI protocol can be 
used to visualize and differentiate musculoskeletal struc-
tures due to the distinctive contrast between different 
soft tissues and the sharp morphological delineation of 
the structures within the upper extremity (specimen 1). 
Cartilage of the distal radius, the distal ulna, the carpal 
bones, and proximal metacarpals is clearly discernable 
from osseous, ligamentous, vascular, and muscular tis-
sues. Note that the fibrocartilaginous tissue of the TFC 
is clearly distinguishable from the surrounding carti-
laginous structures with the intervening vascular liga-
mentum subcruentum. Also, a distinct tri-lamination of 
physeal plates is discernable.

Effect of storage time
Images of four specimens stored in 4% PFA for different 
time periods are shown in Fig.  3. Specimens were stored 
in 4% PFA for 8 weeks (specimen 1), 24 weeks (specimen 
2), 33  weeks (specimen 3), 60  weeks (specimen 4), and 

Table 1 Specifications of fetal upper extremities

a Specimens 1 and 5 are the right and left upper extremities from the same 
specimen

Specimen 
number

Gestational 
age (weeks)

Side Reason for pregnancy termination

1a 21 + 1 Right Hypoplastic left heart syndrome

2 19 + 0 Left Social

3 20 + 4 Left Holoprosencephaly

4 23 + 5 Left Congenital heart disease

5a 21 + 1 Left Hypoplastic left heart syndrome

6 22 + 4 Left 22q11 deletion

7 21 + 1 Left Hypoplastic left heart syndrome

Fig. 2 Magnetic resonance image of a mid‑coronal T2*‑weighted magnetic resonance image section of specimen 5 (a) with a multiplanar 
reconstruction in the sagittal (b) and axial plane (c). The scale represents 5 mm. CCBs Chondrified carpal bones, Ham Chondrified hamate bone, LS 
Ligamentum subcruentum intervening between proximal and distal lamina of TFC complex, Lu Chondrified lunate bone, MC-1 Ossified diaphysis 
of the first metacarpal, MC-V Ossified diaphysis of fifth metacarpal, PQM Pronator quadrate muscle, Sc Chondrified scaphoid bone, SL Scapholunate 
ligament, R-dia Ossified radial diaphysis, R-dist Chondrified distal radius, R-epi Radial epiphyseal plate, TFC Triangular fibrocartilage, U-dia Ossified 
ulnar diaphysis, U-dist Chondrified distal ulna, USP Ulnar styloid process, Vas Penetrating vascular bundle
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82  weeks (specimen 5) (Fig.  3a–e, respectively). Table  2 
shows the ROI information and contrast ratios. Figure  4 
presents the contrast ratios plotted over time. Contrast 
ratios were highest when storage time was lowest (8 weeks) 
with 0.06 for CRCCB/TFC and 0.11 for CRCCB/PQM . At 24 
and 33  weeks of storage, CRCCB/TFC and CRCCB/PQM , 
respectively, resulted in negative values, indicating that the 
SI of CCB shifted into being hypointense compared to TFC 
and PQM. Further increase in storage times up to 82 weeks 
decreased contrast ratios to -0.14 for CRCCB/TFC and -0.12 
for CRCCB/PQM , accounting for a total decrease of 0.20 for 
CRCCB/TFC and 0.24 for CRCCB/PQM from initial ratios.

Effect of PFA concentration
Images of the four specimens that were stored in differ-
ent concentrations of PFA (i.e., 0.2% and 4%) are shown in 
Fig. 5. The ROI information and contrast ratios are shown 
in Table  3. When comparing the CRs of the specimen 
stored in 0.2% PFA at 6 and 24 weeks, there is an increase of 
0.04 for CRCCB/TFC . For the specimens stored in 4% PFA for 
comparable periods of time however, CRCCB/TFC decreased 
with 0.09, creating a shift from a relatively hyperintense SI 
of CCB compared to TFC to hypointense SI. CRCCB/PQM 
increased with 0.01 in 0.2% PFA, and CRCCB/PQM did not 
differ between images over time in 4% PFA.

Effect of staining
To assess the effect of staining with Lugol’s solution on 
images made with UHF-MRI, one specimen which was 
stored in 4% PFA for 34  weeks was imaged prior and 
after 2 weeks of Lugol’s staining (specimen 7) and one 
specimen which was stored in 4% PFA for 8 weeks was 
imaged after 4  weeks of Lugol’s staining (specimen 1). 
The resulting contrast ratios and ROI information are 
shown in Table  4. After staining with Lugol’s solution 
for two weeks the CRs increased with 0.09 and 0.06 for 
CRCCB/TFC and CRCCB/PQM , respectively. This increase 
indicated the shift of CCB from being relatively hypoin-
tense to relatively hyperintense compared to both PQM 
and TFC (Fig. 6). The CRs after staining for four weeks 
also indicated a relatively hyperintense CCB compared 
to both PQM and TFC, with CRs of 0.06 and 0.11 for 
CRCCB/TFC and CRCCB/PQM , respectively (Fig. 6).

Discussion
Embryological development is a 3D process, and due 
to its ability of visualizing different anatomical struc-
tures with high resolution, a combination of UHF-MRI 
and micro-CT can be expected in future embryological 
research. This is the first study that assessed the influ-
ence of storage time, storage solution concentration, and 
iodine staining on UHF-MRI of fetal specimens. The pre-
sent study shows promising results regarding imaging 

soft tissue in the wrist joints of fetuses around 20 weeks 
of gestation imaged at 7 T with a FLASH sequence (TR 
50 ms, TE 12 ms, and flip angle 25°). The images with the 
highest quality were obtained after storage in 4% PFA for 
a relatively short time period (eight weeks) after staining 
with Lugol’s solution 3.75% for two weeks. This affirms 
the feasibility of postmortem UHF-MRI as a tool to study 
cartilaginous and ligamentous anatomy development in 
human fetal extremities, even after prior Lugol staining 
for micro-CT imaging purposes. However, several stor-
age and staining components appear to influence the dis-
cernibility of anatomical structures.

The only prior study on imaging the fetal upper 
extremities with UHF-MRI of which we are aware is by 
Langner et  al. [8] who used a T2-weighted turbo spin-
echo protocol on ten formalin-fixed upper extremities of 
fetuses ranging between eight and twelve weeks of gesta-
tion. This proof-of-principle study reported an interpo-
lated in-plane pixel size of 20  μm with a slice thickness 
of 70 μm [8]. However, not enough sequence details were 
provided to calculate the real image resolution in order 
to compare this to the isotropic resolution of 70 μm that 
was reached in the present study. In general, we believe 
that isotropic voxels are superior to facilitate multi-pla-
nar reconstruction of fetal anatomy in all possible 3D 
orientations. Langner et al. [8] did show differentiation of 
forearm musculature with UHF-MRI at only eight weeks 
gestation and concluded that there was a direct correla-
tion with conventional histology regarding chondrifica-
tion. Yet, no soft-tissue contrasts or external factors of 
influence were reported.

Our observed effects of storage time in 4% PFA on CRs 
suggest that this factor influences tissue SIs and therefore 
the ability to discriminate between specific soft-tissue 
structures. Due to the changes in SIs, CRCCB/TFC and 
CRCCB/PQM both decreased with increasing storage time 
in 4% PFA. This is in accordance with changes in SIs that 
were described in studies on ex vivo adult human brain 
imaging where prolonged storage in formalin-based solu-
tion showed a decrease in T1 and T2 relaxation times 
[24, 25]. At 24 weeks in 4% PFA, an intensity shift even 
appears to occur in CRCCB/TFC , changing CCB SI from 
relatively hyperintense to relatively hypointense, which 
is visually supported (Fig. 3). This could be explained by 
a hypothetical stronger decrease in T1 relaxation times 
caused by PFA on TFC and muscular tissue than on 
chondrified osseous tissue, creating less T1 weighting 
and therefore higher SIs. On the other hand, a hypotheti-
cal stronger increase in T2* relaxation times of TFC and 
muscular tissue compared to chondrified osseous tissue 
or even a combination of these two relaxation properties 
could potentially explain this shift in CRs. These effects 
remain unexplored, yet the results support the suggestion 
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by Langner et al. [8] that PFA storage time appears to be a 
factor that degrades differentiation between soft tissues.

Storage in 0.2% rather than 4% PFA barely changed 
contrast ratios between 6 and 24 weeks of storage, which 
was confirmed by visual inspection. If we compare CRs 
between storage in 0.2% PFA with 4% PFA at similar stor-
age periods, there was a slight, yet visually supported 

decrease in the CR of especially CCB to TFC for 4% PFA 
after 24 weeks, which did not occur in a PFA solution of 
0.2%. Hence, storage in 0.2% PFA would be preferable 
over 4% for storage for longer time periods. Additionally, 
the earlier change in CRCCB/TFC (at 24 weeks) compared 
to CRCCB/PQM (at 33 weeks) in 4% PFA is also remarkable. 
Since muscle fibers have shown increased penetration 

Fig. 3 Magnetic resonance images of specimen 1 (a), specimen 2 (b), specimen 3 (c), specimen 4 (d), and specimen 5 (e), stored in 4% 
paraformaldehyde for different periods of time. The scale represents 5 mm

Table 2 Contrast ratios of specimens stored in 4% PFA for different amounts of weeks

CCB Chondrified carpal bone, PFA Paraformaldehyde, SD Standard deviation, PQM Pronator quadrate muscle, TFC Triangular fibrocartilage

Specimen 
number

Weeks in PFA CCB TFC PQM Ratios

Mean SD Area  (mm2) Mean SD Area  (mm2) Mean SD Area  (mm2) CCB/TFC CCB/PQM

1 8 35,352.5 404.3 1.0 31,418.5 1,232.9 0.3 28,514.2 1,342.7 2.2 0.06 0.11

2 24 1,690.6 28.3 0.8 1,791.4 48.8 0.3 1,369.2 79.9 1.3 ‑0.03 0.11

3 33 1,541.2 28.9 1.3 1,821.3 67.9 0.3 1,848.5 64.0 2.1 ‑0.08 ‑0.09

4 60 1,378.0 30.0 1.6 1,586.6 48.9 0.9 1,730.2 32.4 4.4 ‑0.07 ‑0.11

5 82 1,535.4 63.7 1.0 2,024.3 73.6 0.5 1,958.2 67.7 3.4 ‑0.14 ‑0.12

Fig. 4 Contrast ratios of specimens 1, 2, 3, 4, and 5 plotted over time stored in 4% paraformaldehyde. CCB Chondrified carpal bone, PQM Pronator 
quadrate muscle, TFC Triangular fibrocartilage
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rates, earlier effects would be expected in CRCCB/PQM 
than in CRCCB/TFC [26]. Therefore, this indicates a differ-
ence in effect on relaxation properties between different 
soft tissues rather than differences in tissue penetration 
rates of PFA.

In micro-CT studies, it was reported that Lugol’s solu-
tion causes tissue shrinkage [27, 28]. As tissue shrink-
age is accompanied by a reduction of water content, the 
magnetic susceptibility which is used for T2* weighting 
in FLASH sequences could also be affected, resulting in 
effects on tissue contrast [29]. The images prior and after 
staining with Lugol’s solution did show a small increase in 
the CRs, rather than the decrease that we found for PFA 
concentration and duration. This resulted in relatively 
hyperintense CCB after staining with Lugol’s solution, 
which was also supported visually (Fig. 6). As specimen 1 
also had positive CRs, it might be possible that this effect 
was caused by Lugol staining. This change in CRs due to 

staining could be the result of various complex effects on 
T2* weighting of different tissues. Potentially, cross-link-
ing and denaturation of proteins induced by fixation in 
PFA are influenced by pH levels and therefore indirectly 
affect T2* relaxation times. However, we did not measure 
pH changes and these variables remain to be explored 
in future studies. In any case, Lugol’s solution does not 
appear to cause artifacts or a decrease in soft-tissue con-
trast, which means that it can be safely used when pre-
paring specimens for serial CT imaging and UHF-MRI.

The present study did have several limitations. In 
order to achieve sufficient resolution in a small and 
intricate anatomical region while maintaining enough 
signal-to-noise ratio for soft tissue, we chose to use a 
3D-FLASH sequence with a relatively short TR and a 
matrix of 512 × 256 × 256, thereby reaching an iso-
tropic resolution of up to 70  μm within the smallest 
wrist sample. The FLASH sequence has both T1 and 

Fig. 5 Magnetic resonance images of specimens stored in variations of paraformaldehyde concentrations and durations. Specimen 6 fixed in 4% 
for the first 24 h and then transferred to 0.2% paraformaldehyde (a, b). Specimens 1 and 2 are shown for comparison (c, d). The scale represents 
5 mm
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T2* weighted contrast, which makes interpretation of 
the influence of staining on tissue contrast a complex 
one. The variation in MRI parameters (i.e., TE, TR, and 
FA), however, is considered another major limitation 
that potentially obscured the effects of individual stor-
age and staining parameters. We did not observe any 
indications that the variations substantially changed 
the SI trends that we observed, yet they might have 
influenced the SIs. We, therefore, recommend further 
research to consistently use a 3D FLASH protocol with 
a TR of 50 ms, TE of 12 ms, and flip angle of 25° and 
systematically vary storage and staining parameters to 
assess the exact effect on SIs.

Furthermore, we only focused on the imaging of tis-
sue obtained from fetuses with gestational ages from 19 
to 22  weeks. The feasibility of UHF-MRI as a modality 
for imaging specimens with lower and higher gestational 
ages therefore remains to be explored. Technical limita-
tions such as resolution and bore size should however 
be anticipated in UHF-MRI of smaller and larger speci-
mens, respectively. Future research could include fetal 

specimens with a wider range of gestation ages to explore 
the size limits.

Additionally, because of the limited availability of fetal 
tissue, it was not possible to vary all relevant parameters 
with respect to tissue preparation fully independently. 
Consequently, there was some overlap of the parame-
ters for the different comparisons, and conclusions were 
based on a small amount of data points or even a single 
observation. We, therefore, stress that these results are 
preliminary and that future research should elaborate on 
the exact effects of Lugol’s solution prior to UHF-MRI. 
As this study is a preliminary assessment of different 
staining and storage protocols in UHF-MRI, a more pro-
spective study with a larger sample size with a uniform 
MRI protocol and a single change in staining or storage 
variable per specimen is required.

In conclusion, our findings from this explorative study 
show that UHF-MRI is feasible for imaging musculo-
skeletal structures in the fetal upper extremities. PFA 
appears to decrease soft-tissue contrast, and therefore, 
we recommend storage in low concentrations (i.e., 0.2%) 

Table 4 Contrast ratios of specimens prior and after staining with Lugol’s solution

CCB Chondrified carpal bone, PFA Paraformaldehyde, PQM Pronator quadrate muscle, SD Standard deviation, TFC Triangular fibrocartilage
a Second magnetic resonance image of specimen 7, performed after staining with Lugol’s solution

Specimen 
number

Lugol staining CCB TFC PQM Ratios

Mean SD Area  (mm2) Mean SD Area  (mm2) Mean SD Area  (mm2) CCB/TFC CCB/PQM

7 No 1,779.0 50.3 1.3 2,088.1 100.5 0.7 1,811.4 49.3 2.3 ‑0.07 0.00

7a 2 weeks 1,211.6 34.5 1.0 1,158.6 66.1 0.6 1,079.7 61.4 1.9 0.02 0.06

1 4 weeks 35,352.5 404.3 1.0 31,418.5 1,232.9 0.3 28,514.2 1,342.7 2.2 0.06 0.11

Fig. 6 Magnetic resonance images of a specimen with and without staining with Lugol’s solution. Specimen 7 was imaged after storage in 4% 
paraformaldehyde for 34 weeks (a) and again after immersion in Lugol’s solution for 2 weeks (b). Specimen 1 was imaged after storage in 4% PFA for 
eight weeks and immersion in Lugol’s solution for four weeks (c). The scale represents 5 mm
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and limitation of storage time in high concentrations (i.e., 
4%). Additionally, staining with Lugol’s solution, which is 
often performed for micro-CT imaging, does not appear 
to decrease and might even enhance soft-tissue contrast. 
As these findings are mainly preliminary, they need to be 
confirmed in prospective studies with larger sample sizes. 
We do conclude that UHF-MRI can be performed after 
contrast-enhanced micro-CT in order to fully exploit the 
advantages of both techniques.

Abbreviations
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CR  Contrast ratio
FLASH  Fast low‑angle shot
Micro‑CT  Micro‑computed tomography
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UHF‑MRI  Ultra‑high‑field magnetic resonance imaging
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