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 In the last 25 years, within the field of tumor evaluation using magnetic resonance 
imaging (MRI), 2 main promising applications have emerged that can provide useful functional 
information beyond the morphological images: dynamic contrast enhanced MRI (DCE-MRI) 
and diffusion weighted imaging (DWI or DW-MRI). DCE-MRI involves the administration of 
a contrast medium that, flowing into the vascular network feeding the tumor, might give infor-
mation on tissue vascular perfusion which is related to the angiogenesis phenomenon, in turn 
associated to tumor growth. DWI exploits the water brownian motion that is affected by tissue 
cellularity and vascularization. The successful application of both DCE-MRI and DWI lays 
strongly on both technical MRI improvements achieved in the last decades and on adequate 
bio-mathematical modelling of tissues. In this editorial, I will briefly discuss a few main issues 
of both applications focussing on bio-mathematical modelling.

DCE-MRI

The main technical issues in DCE-MRI concern the trade-off between time-space resolution 
and accurate quantification of contrast medium concentration. They both affect the accuracy of 
bio-mathematical modelling typically used in DCE assessment of the tumor.

 In the early years of DCE, radiologists mainly looked at the shape of the time-intensity 
curve of a single voxel or averaged regions of interest (ROIs); in fact, it had been observed that, 
after contrast medium administration, a typical aggressive (malignant) tumor showed a wash-in 
(absorption) and a wash-out (excretion) phase while a benign lesion showed a slow absorption 
rate. However, this type of analysis was strongly reader-dependent and did not allow to easily 
and quantitatively  compare subsequent studies of the same subject or studies from different 
subjects. It was clear that a more quantitative approach was needed. 

 Several groups (Tofts et al1, Larsson et al2, Brix et al3) proposed to use bio-mathemat-
ical models to analyze DCE data. These early models are based mainly on tissue compartmen-
talization (plasma and extracellular compartments) and the interesting parameters are the kinet-
ics constants of exchange across compartments that are related to the permeability of the vessel 
walls: in fact, immature, leaky vessels (quickly grown stimulated with the vascular endothelial 
growing factor (VEGF) by the tumor) should show a higher permeability.4 However, these 
models are a strong simplification of reality because of limitation of the technical equipments 
available at that time. In fact, the need for high resolution images prevented fast acquisition of 
multiple series.

 Today, a number of fast pulse sequences of acquisition give the possibility to use 
more realistic bio-mathematical models: different groups Koh et al5, Schabel et al6, Sourbron7 
have proposed more sophisticated models including some aspects not considered by the first 
generation models: the rough approximation of only 2 compartments within a voxel has been 
abandoned and a more realistic distribution of compartments is considered instead: moreover, 
capillary transit-time (the time required for a contrast medium particle to travel across a capil-
lary) and vascular permeability are considered random variables with a certain distribution 
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within the voxel (region) of interest.

 The complexity of the model and the measurement uncertainty pose some limits in the evaluation of the kinetics parameters 
(permeability, vascular fraction, transit time, etc.): the accuracy (repeatability) with which these parameters can be evaluated is in-
trinsically limited by mathematical constraints.8 Moreover, accurate measurement of the contrast medium concentration within the 
voxel is still an issue because fast pulse sequences can overcome the time-space resolution trade-off but typically introduce some 
additional uncertainty in the measurement.9

 Therefore, it is important for the radiologists evaluating the parametric maps to be supported by specialised professionals 
(such as biomedical engineers) in the interpretation of these maps in order to take into account the quality of the map reconstruction.

DWI

DWI was born for brain perfusion assessment10 (and has quickly evolved leading to the tractography11 that is not considered fur-
ther here) and has been quickly becoming an important tool for the evaluation of tumors in other body parts such as prostate12 and 
breast.13 The diffusion of water (brownian motion) has been studied by many physicists among which Einstein gave an important 
contribution: in fact, considering the diffusion as a random process he established the relation between the diffusion constant, the 
time of observation and the path of a water particle. Diffusion within biological tissues depends on tissue organization: in order to 
evaluate whether there are some preferred directions of motion, the concept of diffusion tensor imaging (roughly, diffusion constants 
along 3 orthogonal directions) has been introduced.14

 During DWI acquisition random moving spins are affected by magnetic gradients in such a way that fast diffusing water 
molecules contribute to attenuate the signal from a specific voxel. The magnetic gradients parameters are called b-values. In this 
way, qualitative maps can be obtained in which voxels with fast diffusing water are represented by darker colors.15 However, this 
type of images give information on the apparent diffusion coefficient (ADC) because true molecular water diffusion is restricted and 
hindered by vascular tortuosity.

 To overcome this issue, the first bio-mathematical model of water diffusion within biological tissues has been developed 
by Le Bihan et al16 in the late 1980’s. This model, called intra-voxel-incoherent-motion (IVIM), again considered the tissues within 
a voxel as organized in compartments (capillaries and extracellular space). In this model the interesting quantities are the vascular 
fraction, the water diffusion constant and the pseudo-diffusion constant. This latter has been introduced to account for the random 
orientation of vessels in tissues. 

 As in the case of DCE-MRI, also in the case of DW-MRI the quantitative analysis is limited by mathematical constraints. 
Specifically, the b-values used in DW acquisition strongly affect the accuracy of parameters estimation. Very sophisticated solutions 
have been proposed in the field of tractography14; moreover, some studies have been performed in the field of tumor evaluation17; 
however, this issue is still under debate and no definitive solution is currently available.

 Finally, a very interesting issue is the link between the different models. As the mentioned models describe different mea-
surements of related quantities (liquid flow and diffusion across compartments within tissues) it seems not unreasonable that model 
parameters should be related across different models. A link between perfusion and IVIM models was first suggested theoretically 
by Le Bihan et al.18 This link, if definitively shown, might be used to cross-validate DCE and DW studies and possibly to improve 
the accuracy of parametric maps. However, in the field of tumor studies, it seems that this issue has not been yet addressed specifi-
cally: a very small number of studies has been performed in this direction13,19 but they did not show this link in a conclusive manner.
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ABSTRACT

A 77-year-old woman was admitted to our Hospital for a mass lesion in the plantar area of the 
left foot. The patient referred that the mass was present for about 30 years but it had never been 
treated before because asymptomatic. Foot Magnetic Resonance Imaging (MRI) reviewed a 
low-signal-intensity tumor on both T1 weighted and T2 weighted images. Based on clinical 
and diagnostic imaging findings we initially suspected a fibroproliferative neoplasm like an 
aggressive fibromatosis. Histologically the lesion was benign fibroblastic spindle cell lesion 
with dense or loose collagen fibers. Cellularity was low and no mitotic figures were found. The 
tumor cells were positive for CD34, whereas they were negative for α smooth muscle actin, 
desmin, HHF35 and S100 protein. These pathological findings were consistent with an Extra-
pleural Solitary Fibrous Tumor (Extrapleural SFT). The Extrapleural SFT should be included 
in the differential diagnosis of extrapleural lesions in which MRI suggests fibrous content. 
These entities exhibit a dense fibrocollagenous matrix that can produce low signal intensity on 
T2-weighted MRI images, similar to Extrapleural SFT. However, in order to reach a proper di-
agnosis and treatment is essential to integrate a detailed patients’ clinical history and to perform 
a biopsy to collect cells for closer examination.

KEYWORDS: Solitary fibous tumor; MRI; CD34.

ABBREVIATIONS: Extrapleural SFT: Extrapleural Solitary Fibrous Tumor; MRI: Magnetic 
Resonance Imaging; CT: Computed Tomographic; WHO: World Health Organization.

INTRODUCTION

Extrapleural Solitary fibrous tumor (Extrapleural SFT) is a rare soft tissue tumor originating 
from mesenchymal cells.1 Extrapleural SFT shows no gender predilection, affecting people 
across a wide age range, from 5 to 92 years.2 Extrapleural SFT is usually a benign, slow-grow-
ing tumor, but a malignant behavior has also been reported.3 Although Extrapleural SFTs most 
commonly occur in the pleura, numerous extrapleural sites of involvement have been reported.4 
We describe a rare case of an Extrapleural SFT in the plantar area of the left foot.

CASE REPORT

A 77-year-old woman was admitted to our hospital for a mass lesion in the plantar area of the 
left foot. The mass was present for about 30 years but it had never been treated before because 
stable in size over time and asymptomatic. However, the patient recently complained of pain in 
the sole of her foot after long distance walking.

 The patient was affected by Alzheimer-type senile dementia and by poor controlled 
diabetes mellitus. On physical examination, the plantar mass was about 7 cm in diameter, elas-
tic and hard to move. The skin overlying the mass was not red or blistered. Foot X-rays showed 
marked pressure erosions in the second and third metarsal bones due to a compression by the 
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mass (Figure 1, arrows). Toes of the left foot showed osteopenic 
change suggestive of osteoporosis. On foot CT, a low density 
tumor measuring 10 cm in diameter was present in the plantar 
area (Figure 2, arrows). The calcaneus showed erosive changes 
which sclerotic margin for the long-lasting compression by the 
tumor (Figure 2, arrowheads). The deformity of the metatarsal 
bones showed the same Computed Tomographic (CT) finding as 
the one of the calcaneus (not shown). Foot MRI (1.5 Tesla Achi-
va Philips, Netherlands, USA) reviewed a low signal intensity 
tumor on both T1 weighted (TR 465 msec, TE 12 msec, Thick-
ness 3.5 mm, FOV 220 mm), and T2 weighted images (TR 2929 
msec, TE 30 msec, Thickness 3.5 mm, FOV 220 mm) (Figures 
3a and 3b), and well-enhancement on gadolinium-enhanced fat 
suppression T1 weighted sagittal image (TR 625.7 msec, TE 12 
m sec, Thickness 3.5 mm, FOV 220 mm) (Figures 3c and 3d) in 
the left sole, from the calcaneus to the first metatarsal head. The 
tumor involved the adductor and the abductor hallucis muscle, 
the flexor digitorum longus and brevis tendons, the flexor digi-

torum brevis muscle and the quadratus plantae muscle (Figure 
3d). Despite the tumor compression, the first to third metatarsal 
and the calcaneus bones showed no bone marrow edema. Con-
sidering patient clinical history and presentation and MRI find-
ings, we initially suspected a fibroproliferative neoplasm like an 
aggressive fibromatosis. An open biopsy under local anesthesia 
was then performed. Histologically the lesion was benign fibro-
blastic spindle cell lesion with dense or loose collagen fibers. 
Cellularity was low and no mitotic figures were found (Figure 
4). The tumor cells were positive for CD34 (Figure 5), whereas 
they were negative for α smooth muscle actin, desmin, HHF35 
and S100 protein. Although blood vessels including stag-horn 
like ones were indistinct, we made diagnosis of extrapleural soli-
tary fibrous tumor (extrapleural SFT). We tried to recommend a 
complete surgical excision of the lesion but the patient condi-
tions due to the Alzheimer-type senile dementia progressed and 
she was eventually sent to a mental hospital.

Figure 1: Anterio-posterior view of left foot X-ray.
A soft tissue density mass is present under the first to 
third metatarsal bones. The second and third meta-
tarsal bones show a severe deformity due to the soft 
tissue density mass. Widening between the first and 
second metatarsal bone is visualized (arrows). 

Figure 2: Foot CT (soft tissue window).
A huge mass lesion is visualized in the sole (arrows). The mass le-
sion shows relatively homogenous low density with clear margin. The 
calcaneus is involved by the mass but the margin of it shows osteo-
sclerotic change suggestive of slow glowing tumor. 

Figure 3: Foot MRI a) T1-weighted sagittal image, b) T2-weighted sagittal image, c) gadolinium-enhanced fat suppression T1-weighted sagittal image, d) 
gadolinium-enhanced fat suppression T1-weighted coronal image. 
a. The mass lesion in the sole shows low signal intensity (arrows) on T1-weigted sagittal image. The plantar fascia is present along the mass lesion without 
involvement. Subcutameus fat tissue and the skin of the sole are intact. There are no bone marrow edemas in the calcaneus or other bones. 
b. The mass lesion shows heavy low signal intensity on T2-weighted sagittal image (arrows). The mass includes some high signal contents suggestive of 
myxoid or hyalinized in areas. 
c. The mass lesion is homogenously enhanced (arrows). Calcaneus and other bones are not enhanced. 
d. The mass lesion involves almost plantar muscles: an adductor hallucis muscle, an abductor hallucis muscle, long and short digital flexor tendons, a flexor 
digitorum brevis muscle and quadratus plantae muscle.

b c da
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DISCUSSION

Extrapleural SFTs have been reported in several anatomical sites: 
nasal and paranasal sinus,5 spine,6 lung,7 mediastinum, pancreas,8 
liver,9 kidney, retroperitoneal space,10 urinary bladder,11 and ex-
tremities.12 From the clinical point of view, an extrapleural SFT 
is usually a painless mass in the deep soft tissue without specific 
symptoms.13 extrapleural SFT can show both benign and malig-
nant behavior. From 10% to 15% of the tumors are malignant, 
occurring with more frequency in the cellular than in the fibrous 
forms.14 In the literature only few authors have reported SFT 
involving the extremities.12,15,16 Musyoki FN et al16 highlighted 
the orbits and the extremities (proximal extremities muscles and 
subcutaneous tissues) as the most common extrapleural SFT ex-
trapleural location. Despite that, foot and ankle involvement is 
even less described. Lee JY et al14 reported the first case of an 
extrapleural SFT arising from the ankle in a 69-year-old female 
patient and treated by total excision. Kean CA et al17 described 
a rare manifestation of extrapleural SFT in a 55-year-old male 
patient affecting the medial right hallux: also in this case the 
treatment of choice was represented by the excision in toto. To 
the best of our knowledge, this is never say “the first” report of 
an extrapleural SFT in the foot affecting the plantar muscles. In 
addition, many authors reported that the majority of these tu-
mors (80%) showed hypointense or isointense on T1-weighted 
image relative to muscle, and hypointense on T2-weighted im-
age.12-19 On the other hand, Shin JH et al20 reported that the ex-
trapleural SFT in the buccal space showed hyperintense on T2-
weighted image. Contrast enhanced MRI shows heterogeneous 
in as many as 82% of extrapleural SFT cases, and homogeneous 
enhancement effect in approximately 18%.16,18,19 In our case, the 
mass showed very low signal intensity on T2-weighted image. 
This peculiar aspect could be the result of 30 years of exerted 
compression on the extrapleural SFT which may have cause 
hemorrhage, reactive fibroplasia, and/or calcification. We didn’t 
detect any hemosiderin deposits or calcification on MRI and we 
therefore considered it as a reactive fibroplasia occurred on this 
tumor. 

 Considering the histo-pathological features, World 
Health Organization (WHO) classification of tumors of soft tis-

sue and bone has been revised since 2013.21 A notable point is 
what the expleural SFT has combinated two soft tissue tumors 
called hemangiopericytoma and giant cell angiofibroma because 
their pathological findings are similar to the extrapleural SFT. 
We might have to reconsider MRI findings of the extrapleural 
SFT. Generally, an extrapleural SFT can vary in size, ranging 
from 1 cm to 30 cm.22 On light microscopy, a common histo-
logical feature of both pleural and extrapleural solitary fibrous 
tumor is a mixture of three components, namely, fibrous tissue, 
cellular components, and highly vascularized areas that consist 
of numerous dilated small to medium-sized blood vessels. On 
Immunohistochemical staining, positive CD34 and negative 
S-100 protein staining are typical for the extrapleural SFTs. The 
extrapleural SFT should be included in the differential diagnosis 
of extrapleural lesions in which MRI suggests fibrous content. 
Moreover, the differential diagnosis of extrapleural SFT includes 
fibromatosis, myofibroblastoma, metastasis of spindle cell car-
cinoma, low-grade fibromyxoid sarcoma and hemangioma.16 
Clinical and imaging features of extrapleural SFTs also overlap 
with other fibrous tumors such as fibrous histiocytoma, fibro-
sarcoma and synovial sarcoma. These entities exhibit a dense 
fibrocollagenous matrix that can produce low signal intensity on 
T2-weighted MRI images, similar to extrapleural SFT. Despite 
our patient conditions did not allow any therapy, the treatment 
of choice for extrapleural SFT is total surgical excision, associ-
ated with long-term follow-up in order to early identify possible 
recurrence or malignant changes.14 In case of inoperable extra-
pleural SFT or incomplete excision, the use of radiotherapy or 
chemotherapy can increase the survival rate.16 

CONCLUSION

SFT has been reported in a wide variety of extrapleural locations 
and is extremely rare in foot and ankle. Prolonged weight-bering 
might cause bleeding and lead to a reactive fibroplasia, affecting 
the signal on MRI.

 Diagnosis of extrapleural SFT is often challenging. In 
order to reach a proper diagnosis and treatment is essential to 
integrate a detailed patients’ clinical history and to perform a 
biopsy to collect cells for closer examination.

Figure 5: Immunohistochemical staining (CD34 staining).
CD34 staining is positive. Both Desmin and S-100 protein 
staining are negative (not shown).

Figure 4: Hematoxylin and eosin stain (H-E stain). 
The tumor composes of small ovoid to spindle cells sepa-
rated by thin bands of collagen fibers. Branching blood ves-
sels and stromal hyalinization were visualized within it.
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CONSENT

The patient has provided written permission for publication of 
the case details.
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INTRODUCTION

Stereotactic Body Radiation Therapy (SBRT) of prostate cancer has garnered increasing atten-
tion owing to its proposed low a/b value, which is close to 1.5 Gy.1 Recent clinical data support 
the low value for a/b ratio as predicted by radiobiological models; hence, large doses per frac-
tion should result in a higher probability of tumor control together with a reduced probability 
of complications for healthy tissue. In this paper, we focused on the technical parameters and 
treatment strategies adopted in the hypofractionation (HF) studies published in literature.

SETUP AND PREPARATION STRATEGIES

The effect of geometric uncertainties is known to be one of the major concerns in radiation 
dose delivery in prostate cancer.2 These uncertainties are mostly due to patient setup errors and 
extensive motion of the rectum and bladder that is dependent on organ filling. In this regard, 
an augmented impact of geometric uncertainties is expected when high doses per fractions are 
adopted. This could occur because in HF treatments, any single targeting error causes a greater 
biologic impact by consistently underdosing the target organ at greater expense of the organs at 
risks (OARs).3 Several technological innovations have boosted the high-precision localization 
of the prostate during treatment, allowing the delivery of highly conformed dose fractions to a 
well-defined target with sharp dose fall-off towards the bladder and rectum.4 However, multiple 
technical parameters and operational variables can affect the correct localization of the prostate 
and the reproducibility of the procedures.5

 Changes in patient posture were also of importance (e.g., relaxation of pelvic mus-
cles). To reduce motion, specific patient positioning, immobilization strategies, controlled diet, 
and rectum/bladder filling have been practiced by different groups.6-8 The most commonly used 
patient treatment position was the supine. However, the optimal treatment position for the pros-
tate remains controversial and inconclusive because several studies5 have reported advantages 
and disadvantages for both supine and prone approaches. An advantage of the prone position is 
that the irradiation dose to the rectum is reduced because the seminal vescicles (SV) are pulled 
away from the rectum.9 Moreover, the geometric relationship between the prostate and the 
pelvic bony anatomy is more consistent in the prone position and seems to be very important 
for centers using bony structure based positioning.10 Conversely, a disadvantage of the prone 
position is greater prostate motion compared with the supine position.11 Additionally, the supine 
position is more comfortable for patients and more convenient for therapists than the prone 
position. Immobilization frames were routinely used to reduce the degree of spatial uncertainty 
secondary to positioning error. Pelvic vacuum cushions, thermoplastic sheets, foam agents, 
and/or leg, knee, ankle and foot supports were generally used in the reviewed studies. Despite 
reports that a whole-body cushion ensures more reproducibility,6 the usefulness of specific sup-
ports must be substantiated. For example, the use of a knee support during prostate irradiation, 
which prevents dorsal rectum shifts and prostate rotation at the apex around the left-right axis, 
decreases the dose delivered to the rectal wall.12 
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 Displacements of the prostate relative to the radiation 
beams occur not only as a result of patient positioning but also 
owing to different filling levels and pressures from the bladder 
and rectum. Graf et al13 reported reduced prostate motion when 
patients were appropriately instructed regarding constant blad-
der and rectum filling. In most of the selected HF studies, the 
bladder volume was kept constant by having the patient empty 
the bladder and drinks a known amount of water before the sim-
ulation and treatment. Different strategies were adopted for the 
rectum, for which filling is more difficult to control. Frequently, 
a rectal enema was performed in patients treated with extremely 
high frequency (EHF) regimes. In fact, several studies showed 
a decrease in the interfraction prostate displacement with a 
consequent reduction in the target margin when an enema was 
used.14,15 None of the drugs or compounds delivered was shown 
in the current literature to be useful in preventing or mitigat-
ing acute damage to healthy tissues. The use of a rectal balloon, 
which positively influences intrafraction prostate stability, was 
sporadic. The use of tissue spacers in the region between the 
prostate and the anterior rectal wall has never been referenced.  
However, a reduced variability in the data regarding bladder 
toxicity, especially late toxicity, was observed in patients who 
received preparation, this indicates a more accurate prediction of 
the expected toxicity when assessed for a lower anatomical inter 
patient variability.

IMAGING STRATEGIES

The use of computed tomography/magnetic resonance imaging  
(CT/MRI) image fusion for more precise target volume identi-
fication in prostate cancer patients was reported. Hentschel et 
al16 reported that CT scans overestimate prostate volume by 35% 
compared with MRI. In particular, they found that the mean area 
defined by CT imaging was larger than the area defined by MRI, 
mainly at the base and the apex of the prostate. However, in the 
segmentation process, it is necessary to take into account the 
prostate swelling that occurs during treatment.17 In a recent stu-
dy performed by Gunnlaugsson et al,18 the adoption of an EHF 
regimen showed a significant increase in prostate shape and size 
of 14% at the middle of treatment (Equivalent dose in 2 Gy frac-
tions Z 33 Gy) and 9% at the end of treatment (Equivalent dose 
in 2 Gy fractions Z 67 Gy). This trend differs from the conven-
tional fractionation trend.19

IMAGE GATED RADIOTHERAPY STRATEGIES 

The daily or random prostate localization timing were done us-
ing several different technologies, including transabdominal US, 
x-ray portal imaging, and kilo-voltage and mega-voltage cone-
beam computed tomography (CBCT). With these technologies, 
patient localization uses bony anatomy, implanted fiducials 
(seeds or electromagnetic transponders), or soft-tissue images. 
EHF studies reported mostly a prostate alignment performed 
with implanted fiducial markers. Intermodality shifts between 
the different technologies seem comparable, as reported by 
Mayyas et al.20 Among the methods, localization using markers 
results in the least interuser disagreement compared with using 

anatomy or soft tissues.14,21 Different authors have reported that 
the choice of imaging frequency and timing are key components 
in delivering the desired dose while reducing the associated 
overhead, such as imaging dose, preparation, and processing 
time.22

ADAPTIVE STRATEGIES

No adaptive strategy was adopted in the published EHF studies. 
Several groups have conducted research in the pelvic region 
with different adaptive approaches.23,24 One notable method that 
could be applied to HF regimens is the so called “plan of the 
day” approach.25 In this strategy, a multiple-plan library was 
generated before the treatment course from weekly serial 6-8 CT 
datasets from 4 patients. During each fraction, a daily plan was 
manually chosen from the library according to the patient’s daily 
anatomy. Chen et al25 reported an excellent target coverage using 
a similar approach, with the dose delivered to the OARs being 
only slightly increased.

CONCLUSIONS

Recent clinical data support a low value for a/b ratio as pre-
dicted by radiobiological models; hence, large doses per fraction 
should result in a higher probability of tumor control together 
with a reduced probability of complications for healthy tissue. 
The evaluation of the cost-effectiveness of the treatment, it is 
mandatory to also consider the associated morbidity. This paper 
is an overview on technical parameters and delivery strategies to 
be taken as a guideline for HF radiotherapy treatments.
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ABSTRACT

The Filtered Back Projection (FBP) algorithm has been the standard algorithm for image re-
construction in computed tomography (CT) for many years, but it creates possible streak arti-
facts and a notable increase in image noise when radiation dose is reduced exceedingly. With 
technological advancement and increased computational capacities in workstations, iterative 
reconstruction (IR) algorithms have re-emerged as a potential alternative. The purpose of this 
review is to establish if there is a general consensus that IR algorithms faithfully reduce radia-
tion dose and improve image quality in CT in comparison with the FBP algorithm. A systematic 
review of the literature from 2012 to 2015 was conducted using Ovid MEDLINE and PubMed 
databases, as well as various well-known journals such as the American Journal of Roentgenol-
ogy, European Journal of Radiology, Physica Medica and the Korean Journal of Radiology. 
A total of 57 articles were categorized as either synopsis articles or performance evaluation 
clinical studies, where the latter was further divided into 6 sub-categories according to the type 
of IR algorithm examined. The results show that the use of IR algorithms reduces objective 
image noise, and at least preserves spatial resolution and low contrast detectability, even when 
dose is reduced. The findings are also applicable to specific patient groups, such as pediatrics 
and obese patients. In conclusion, there is a general consensus that IR algorithms can faithfully 
reduce radiation dose and improve image quality in CT in comparison with the FBP algorithm.

KEYWORDS: Iterative Reconstruction (IR); Computed Tomography (CT); Filtered Back Pro-
jection (FBP); Radiation dose; Image quality.

ABBREVIATIONS: FBP: Filtered Back Projection; CT: Computed Tomography; IR: Iterative 
Reconstruction; ASIR: Adaptive Statistical Iterative Reconstruction; MBIR: Model-Based It-
erative Reconstruction; IRIS: Image Reconstruction in Image Space; SAFIRE: Sinogram Af-
firmed Iterative Reconstruction; AIDR: Adaptive Iterative Dose Reduction; ASiR: Adaptive 
Statistical Iterative Reconstruction; BMI: Body Mass Index.  

INTRODUCTION

Rapid technological advancements in imaging techniques, such as the development of multi-
detector computed tomography, has resulted in a substantial rise in demand for CT examina-
tions as a key diagnostic imaging modality over the past decade.1-3 While the diagnostic benefits 
of CT are well-documented, the associated risks of increased exposure to ionizing radiation 
such as radiation-induced cancer has become an area of increasing concern.4 Radiation expo-
sure from CT accounts for approximately two-thirds of all medical-related radiation world-
wide, and recent studies have cited associated cumulative cancer risk from CT to be as high as 
1.5%.5 Several techniques, such as automatic tube current modulation, automatic tube voltage 
selection and dynamically adjustable z-axis beam collimation, have been employed to reduce 
CT-associated radiation dose, but the amount of dose reduction is limited if the FBP algorithm 
is used for image reconstruction.6,7 The FBP algorithm has been the standard algorithm for im-
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age reconstruction in CT for many years, but it poses the limita-
tion of producing possible streak artifacts and a notable increase 
in image noise level if radiation dose is reduced exceedingly.8

 The re-emergence of IR techniques in CT recently of-
fers a potential alternative that allows a reduction in radiation 
dose while preserving image quality.1 IR algorithms were first 
considered for use in early CT scanning back in the 1970’s, but 
were deemed unsuitable for clinical use due to the need for high 
computational capacities in workstations and long reconstruc-
tion times.9 However, with the advancement of computer tech-
nology and improvements in computational capacities, IR has 
now become a realistic option for use in CT in clinical settings, 
and various CT manufacturers currently offer a variety of IR 
algorithms. For example, while GE Healthcare offers Adaptive 
Statistical Iterative Reconstruction (ASIR) and Model-Based 
Iterative Reconstruction (MBIR), Siemens Healthcare offers 
Iterative Reconstruction in Image Space (IRIS) and Sinogram 
Affirmed Iterative Reconstruction (SAFIRE). On the other hand, 
other major CT manufacturers such as Philips Healthcare and 
Toshiba America Medical Systems, offer iDose and Adaptive It-
erative Dose Reduction (AIDR) respectively.1,9

 Several studies done between 2012 and 2015 have 
shown that the use of IR algorithms do indeed aid in reducing 
radiation dose and improving image quality in CT examinations 
when compared to the FBP algorithm.6,10 However, there has yet 
to be any known review published on related studies to establish 
if this is a shared consensus within the medical imaging com-
munity, and whether the outcomes differ for different types of 
CT examinations and patients. This is especially crucial, as most 
of these studies often employ the use of IR algorithms from only 
one or two CT manufacturers, with the focus on a single specific 
type of CT examination.

 The primary aim of this literature review is to estab-
lish if there is a general consensus that IR algorithms faithfully 
reduce radiation dose and improve image quality in CT in com-
parison with the FBP algorithm. The secondary aims are to pro-
vide an overview of the limitations of the FBP algorithm, outline 
the advantages of IR algorithms, as well as to explain how IR 
algorithms work in general and present examples of available IR 
algorithms from CT vendors.

MATERIAL AND METHODS

An online search was conducted for literature published from 
2012 to 2015 using PubMed and Ovid MEDLINE databases. A 
subsequent search was also performed in various well-known 
journals, such as the American Journal of Roentgenology, Eu-
ropean Journal of Radiology, Physica Medica and the Korean 
Journal of Radiology. Only articles that were published within 
the last four years were included, in view of the rapid develop-
ment of technology in CT. The search strategy involved the use 
of three primary keywords, which were “iterative reconstruction 
(IR)”, “computed tomography (CT)” and “filtered back projec-

tion (FBP)”, in addition to five secondary keywords, namely “ra-
diation dose”, “image quality”, “image noise”, “advantages” and 
“limitations”. Each of the searches consisted of a combination of 
one primary keyword and one secondary keyword. The articles 
that were collected provided information on the various types 
of IR algorithms, as well as their effects on radiation dose and 
image quality when used in place of the FBP algorithm in CT 
image reconstruction.

 Articles from the initial search results were screened in 
detail and assessed for relevance. Studies that were included in 
this review were peer-reviewed and belonged to two main cat-
egories of literature, namely synopsis articles that provided gen-
eral information about IR and FBP algorithms, and controlled 
experimental studies that measured the comparative effects of 
IR algorithms on radiation dose and image quality against the 
FBP algorithm. Literature that were not available in the Eng-
lish language were excluded for review, in addition to those that 
were physically unobtainable from library databases. Papers 
evaluating the use of IR algorithms in nuclear medicine were 
also excluded as they were considered to be beyond the scope of 
this literature review.

RESULTS

The initial searches performed using the two databases returned 
a total of 535 articles after removing duplicate results. After ap-
plying the exclusion criteria, 221 papers were considered to be 
clinically relevant for review. However, due to the number of 
similarities in the types and outcomes of relevant studies, only 
articles with the most informative and representative findings 
were included for review. As such, 57 articles were eventually 
analyzed in this review. Articles were categorized as either syn-
opsis articles or clinical studies evaluating the performance of 
various IR algorithms. Articles that belonged to the latter were 
further sub-divided into 6 categories according to the types of IR 
algorithms used in these studies, since algorithms offered by dif-
ferent manufacturers may have varying extents of influence on 
dose and quality of images when used for image reconstruction.

Synopsis Articles

Twenty-two synopsis articles were analyzed in this review. 
These articles provided an insight into the image reconstruction 
process of FBP and IR algorithms, as well as an overview of IR 
algorithms available from CT vendors and the differences be-
tween each algorithm.

Limitations of the FBP Algorithm in CT Image Reconstruction

It is essential to first comprehend the image reconstruction pro-
cess and limitations of the FBP algorithm, so as to recognize the 
advantages offered by IR algorithms. Various articles provided 
an overview of the basic principles behind the FBP reconstruc-
tion algorithm.8,9,11,12
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 The FBP algorithm is described as an analytical image 
reconstruction method which consists of 2 main components, 
namely back-projection and convolution filtering. The back-
projection process involves the summation of multiple back-
projections of projection data obtained with the x-ray source at 
different angles, until the complete image is reconstructed.9 This 
however results in a blurred image, so convolution filtering us-
ing filter kernels is applied to each set of projection data before 
back-projection to improve spatial resolution and contrast.9,12 
The reconstruction process of the FBP algorithm is illustrated in 
Figure 1.

 Application of the convolution filters to obtain a sharp-
er image however, also increases the amount of noise in images. 
The limitations of the FBP algorithm become even more pro-
nounced when it is used in low-dose CT examinations, since 
an inverse correlation exists between radiation dose and image 
noise.12 These limitations in image quality can be primarily at-
tributed to the underlying assumptions about scanner geometry 
that the FBP algorithm is based on, which are mostly deviant 
from reality.11 These assumptions include a pencil x-ray beam, 
the x-ray focal spot being a point source, a lack of consideration 
for the shape and size of detector cells and voxels, as well as  ne-
glecting the image noise resulting from Poisson statistical varia-
tions of x-ray photons.8 As a result, there is a need for alternative 
algorithms that model the CT system more accurately, in order to 
produce diagnostic images while maintaining a low dose in CT 
examinations.

Advantages of IR Algorithms and How They Work

A number of articles have also identified the ability to reduce 
image noise while preserving spatial resolution and image con-
trast, even at lower tube currents in reduced-dose examinations, 
as the main advantage offered by IR algorithms.6,12,13 In addi-
tion, IR algorithms can help reduce artifacts caused by metallic 
implants, as well as those resulting from photon starvation and 
beam-hardening effects.1 It is therefore essential to understand 

how IR algorithms work in general, since it provides the basis 
to comprehending why IR algorithms are able to offer these ad-
vantages.

 The iterative reconstruction process can generally be 
divided into a few steps. Firstly, the measured projection data 
is acquired, before it is reconstructed using the standard FBP 
algorithm to produce an initial image estimate. This initial image 
estimate is then forward-projected to create a simulated projec-
tion data, which is subsequently compared with the measured 
projection data. The difference between the 2 sets of data is 
then determined to generate an updated image that will be back-
projected on the current CT image, to keep the difference be-
tween the current CT image and the measured projection data to 
a minimum. This iteration process is then repeated several times 
in what is known as the “iterative loop”, until the difference is 
considered to be sufficiently minimal. The output is the resultant 
volumetric image after the termination of the iterative cycle.1,6,9 

The entire iterative reconstruction process is illustrated in Figure 
2. A comparison of images reconstructed using the FBP and IR 
algorithms is shown in Figure 3.

Examples of IR Algorithms

There are currently several IR algorithms available from the 
4 major CT vendors, namely GE Healthcare, Siemens Health-
care, Philips Healthcare, and Toshiba Medical Systems. Algo-
rithms from the respective vendors differ significantly in their 
approaches within the image reconstruction process, but share 
the common objective of improving image quality and reducing 
noise, especially in low-dose CT procedures. The various ex-
amples of IR image reconstruction techniques are listed in Table 
1. As these algorithms are now part of standard image recon-
struction for CT, only a brief overview of algorithms from GE 
Healthcare and Siemens Healthcare will be provided to illustrate 
the differences between various IR algorithms. A summary of 
the key differences between IR algorithms offered by various 
major CT vendor is presented in Table 2.

Figure 1: The image reconstruction process of the FBP algorithm. Each set of projection data, taken 
at different angles, undergoes convolution filtering before back-projection. This removes the blurring 
that would result from simple backprojection without filtering.2
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Figure 3: Comparison of image quality of images reconstructed using FBP 
and IR algorithms.1

Figure 2: An illustration of the iterative reconstruction process. Forward projection of the CT image 
reconstructed with standard FBP algorithm creates an initial image estimate, which is then com-
pared with the measured raw data. Comparisons generate an updated image that is back-projected 
to the current CT image until the difference is minimized. The final volumetric image is produced 
when the iterative loop terminates after multiple cycles of iteration.1

Table 1: Examples of IR algorithms from major CT vendors.

Acronym IR Algorithm Vendor Year

ASiR Adaptive Statistical Iterative Reconstruction GE Healthcare 2008

Veo (MBIR) Veo Model-Based Iterative Reconstuction GE Healthcare 2009

ASIR-v ASIR-v GE Healthcare 2013

IRIS Image Reconstruction In Image Space Siemens Healthcare 2009

SAFIRE Sonogram-Affirmed Image Reconstruction Siemens Healthcare 2010

ADMIRE Advanced Modeled Oterative Reconstruction Siemens Healthcare 2014

IDose4 IDose4 Philips 2009

AIDR Adaptive Iterative Dose Reduction Toshiba Medical System 2010

AIDR 3D  Adaptive Iterative Dose Reduction 3-Dimensional Toshiba Medical System 2012
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 Adaptive statistical iterative reconstruction (ASiR) is 
a hybrid IR algorithm by GE Healthcare, and was the first IR 
algorithm available among vendors.14 The ASiR model accounts 
for changes in the projection data measurements due to statis-
tical distribution of photons, and the iterative process involves 
comparison of estimated pixel values and predicted ideal values 
until both values converge.15,16 ASiR is usually blended with tra-
ditional FBP in 10% increments. GE healthcare later introduced 
Veo, or model-based iterative reconstruction (MBIR) in 2009, 
which is a complex and fully iterative reconstruction algorithm.9 
In addition to statistical noise modelling, MBIR uses a model 
that accounts for the system optics, in order to achieve further 
noise reduction.17-19 Increased complexity of the algorithm how-
ever means that a longer processing time is needed, hence MBIR 
is used less extensively in the clinical setting.20 ASIR-V, known 
as the next generation of ASiR, was then introduced in late 2013 
with comparable clinical performance to MBIR but shorter pro-
cessing times.

 Siemens Healthcare on the other hand, introduced im-
age reconstruction in image space (IRIS) in 2009, a unique al-
gorithm that does not involve forward and back projections onto 
the raw image data.9 The IRIS algorithm creates a virtual image 
from the raw data, and the iterative corrections to reduce im-
age noise are performed on the virtual image itself in the image 
space, allowing for faster processing times.21,22 Eliminating the 
need for multiple forward and back projections however also 
meant that the IRIS algorithm is solely for the purpose of noise 
reduction, and not for the removal of potential image artifacts.23

 Siemens Healthcare later introduced sinogram affirmed 
iterative reconstruction (SAFIRE) in 2010, and it differs from 
IRIS in that the iterative corrections are performed on the raw 
data, before conversion into the image space.24 This allows for 
noise reduction, artifact removal and reduced processing time.25 
Advanced modeled iterative reconstruction (ADMIRE), the 
third-generation of IR technique by Siemens Healthcare, was 

IR Algorithm Key features

ASiR

1st generation hybrid IR algorithm blended in 10% increments with traditional FBP according to 
user preference
Based on advanced statistical noise and object modeling

Veo (MBIR)

Fully-iterative model-based IR algorithm

Based on advanced modeling of system optics, in addition to statistical noise, object and phys-

ics modeling

Allows for further noise reduction but involves long processing times

ASIR-V

Next generation of the ASiR algorithm

Based on advanced physics modeling, in addition to statistical and object modeling

Improved performance over ASiR, with shorter processing times as compared to MBIR

IRIS

1st generation IR algorithm

Iterative corrections are performed in the image space on a virtual “master image”, instead of 

on the raw data

Allows for fast processing times, but limited in removal of image artifacts

SAFIRE

Involves 2 different iterative correction loops

Corrections first performed on the raw data to remove image artifacts, before noise reduction in 

the image space 

ADMIRE

Next generation of the SAFIRE algorithm

Weighted FBP is introduced into the first iteration loop for improved artifact removal, in addition 

to advanced statistical noise modeling

iDose4

Iterative corrections performed on both projection data and in the image space

Statistical noise modeling applied to denoise image in projection data, then compared to a 

noiseless ideal anatomical model in image space to avoid artificial appearance of images

AIDR
Iterative corrections only performed in the image domain and not on the raw projection data

Fast processing times but limited in overall dose reduction

AIDR 3D

Next generation of the AIDR algorithm

Iterative corrections performed in both the raw data and image domains

Based on statistical noise, object and system optics modeling

Weighted blending added to avoid artificial appearance of images

Table 2: Key differences between IR algorithms from major CT vendors.
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finally approved for use in 2014 with additional algorithm pro-
cessing steps such as the use of weighted FBP in the iterative 
loop, allowing for improved artifact removal in produced im-
ages.9

Clinical Studies Evaluating the Performance of IR Algorithms

These studies were performed with the use of either phantom or 
patient models, and examined the performance of IR algorithms 
in terms of noise reduction, dose reduction and improvement in 
image quality when compared with the FBP algorithm. Thirty-
five articles were reviewed, and the results are discussed in 6 
sub-sections according to the type of IR algorithm that was used. 
A summary of the performance of various IR algorithms is listed 
in Table 3.

Performance of ASiR and ASIR-V Algorithms

Various studies comparing the ASiR and FBP algorithms dem-
onstrated significant reductions in radiation dose and preserva-
tion of image quality with the use of the ASiR algorithm. Two 
of such studies compared the use of the FBP protocol against 
40% ASiR protocols at similar and lower tube potentials.26,27 
The first study showed a 33.8% (3.21 mSv versus 4.85 mSv) 

reduction in effective dose at similar tube voltages of 120 kV, in 
chest CT angiography examinations of patients with pulmonary 
embolism.27 Meanwhile, the latter study found no notable differ-
ences in overall image quality between FBP and 40% ASiR im-
ages with reduced dose, although significant improvement was 
noted in the subjective assessment of noise level.26 Image quality 
was both subjectively and objectively measured based on vari-
ous indicators, such as image sharpness, noise, artefacts, signal-
to-noise ratio (SNR), contrast-to-noise ratio (CNR), visibility of 
small structures and overall diagnostic confidence.

 Similar results were reported in specific patient groups 
such as pediatrics and obese patients. A pediatric study for chil-
dren under the age of 12 found that the use of a 30% ASiR al-
gorithm led to a dose reduction of 46.4% (3.7 mGy versus 6.9 
mGy) for chest CT and 38.2% (5.0 mGy versus 8.1 mGy) in 
abdominal CT examinations.28 Another study was conducted on 
obese patients weighing 91 kg and above, and reported an aver-
age dose reduction of 31.5% (13.5 versus 19.7) with the use of 
a 30% ASiR algorithm.29 Both subjective and objective image 
noise were significantly lower with ASiR in both studies, while 
diagnostic acceptability and image sharpness of ASiR images 
were comparable to FBP images. A visual comparison of the 
image quality of FBP and ASiR images is shown in Figure 4, 

IR Algorithm Performance of algorithms

ASiR

30% and 40%blended ASiR algorithms were most commonly used
Dose reductions of up to 46.4%reported in CT examinations of the chest or abdomen
Both subjective and objective image noise were lower with the use of ASiR, with comparable diagnostic accept-
ability and image sharpness to FBP images
Results are also similar in both pediatrics and obese patients
Use of a high blend (>50%) can result in smoothed appearance which decreases visibility of small structures

Veo (MBIR)

Reported better dose reduction and image quality improvement than older-generation IR algorithms such as 
ASiR
Not used extensively in clinical settings due to long processing times
Use of MBIR can result in pixelated blotchy appearance and smoothed appearance, resulting in suboptimal resolu-
tion of thin bone structures

ASIR-V
50% blended ASIR-V algorithm reported to be the preferred blending weightage to obtain best spatial resolution
Significantly superior to ASiR and FBP in noise reduction (up to 61.3%) and improvement in contrast-to-noise 
ratio.

IRIS

Variable results reported on the effects of IRIS on image quality and dose reduction
Use of the IRIS algorithm definitively improved or preserved objective image noise, but subjective image quality 
reported to deteriorate with use of IRIS in 3 studies
Poorer subjective image quality attributed to poorer image contrast and sharpness
One study suggested the use of IRIS only allows approximately up to 20.4% dose reduction

SAFIRE
Use of SAFIRE at lower doses generally resulted in superior or similar image quality to full-dose FBP images
Amount of improvement in image quality with the use of SAFIRE is lesser in patients of heavier weights (>75kg) or 
obese patients

ADMIRE
Use of ADMIRE improved or at least preserved low-contrast detectability in images, with significant dose reduc-
tion of up to 80% when compared to FBP images

iDose4

Superior image quality reported in iDose4 images when compared to FBP images when performed at the same 
dose level
Variable results reported in terms of subjective quality when comparing iDose4 images acquired at lower doses to 
standard-dose FBP images

AIDR Reported noise reduction of up to 31% and estimated dose reduction of 52%

AIDR 3D
Superior noise reduction of up to 37.5% in abdominal examinations, with increased noise reduction with increased 
size of patients

Table 3: Performances of IR algorithms from major CT vendors.
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comparing coronal images of a patient with a right renal cyst. 
The lesion was well visualized on both images with comparable 
image quality, however the image reconstructed using ASiR was 
significantly less noisy and required a lower radiation dose to 
obtain.

 Certain studies did however show that using an exces-
sive blend of ASiR in the algorithm can result in a deteriora-
tion in the quality of images.14,30,31 One study conducted on a 
CT phantom reported that a blend of 50% ASiR or higher can 
result in a smoothed image texture that radiologists are uncom-
fortable with.30 A smoothed appearance can result in a deteriora-
tion of subjective image quality, as shown in 2 studies performed 
in abdominal and soft tissue neck CT scans, where significant 
decreases in the visibility of small structures due to the smooth-
ening effect were noted in ASiR images even at a blend of 40% 
ASiR.14,31

 Finally, one study evaluated the performance of ASIR-
V, which is the latest generation of the ASiR algorithm.20 Im-
age noise, CNR and spatial resolution were compared between 
FBP and 3 levels (30%, 50% and 70%) of ASiR and ASIR-V 
algorithms, at 5 different tube currents with the use of a body 
phantom. The 50% ASIR-V algorithm was found to produce the 
best spatial resolution in images, and the ASIR-V algorithms in 
general demonstrated significantly superior decreases in noise 
levels and increases in CNR. The use of a 50% ASIR-V algo-
rithm yielded a maximum noise reduction of 61.3%, in addition 
to an increase in CNR of 248.4% when performed at the lowest 
tube current of 30 mA.

Performance of Veo (MBIR)

Results from various studies showed that Veo may potentially 
offer better dose reduction and image quality improvement than 
older-generation IR algorithms such as ASiR when compared to 
FBP. One phantom study compared the impact of MBIR to FBP 
and 50% ASiR algorithms on dose reduction in abdominal CT 
imaging at various levels of tube current.32 The results revealed 

that while the ASiR algorithm was able to provide up to a 35.9% 
reduction in dose, the use of MBIR allowed for a greater dose re-
duction of 59.9% when both algorithms were compared to FBP. 
Using the exact three algorithms, a separate study by Katsura 
et al33 evaluated the effect of MBIR on the image quality in the 
CT imaging of the cervicothoracic region, and found that MBIR 
images had notably lower objective image noise when compared 
to ASiR and FBP images (8.88 versus 18.63 versus 26.52 Houn-
sfield units respectively). The outcomes of both studies are simi-
lar to another phantom study, which reported significant lower 
noise in MBIR images when compared to FBP images at all 
radiation dose levels in CT scans of the liver.34 Significant im-
provements were also noted in both spatial resolution and low-
contrast detectability when MBIR was used over FBP.

 Despite its advantages, the use of MBIR can result in a 
pixelated blotchy appearance in images, asnoted in the study by 
Katsura et al.33 Similar findings were reported in another study 
performed in pediatric chest CT examinations, where a blotchy 
pixelated appearance of the central bronchi and lung vessels was 
seen in minimum-dose MBIR images.35 The smoothing effect 
resulting from the use of MBIR was also found to result in sub-
optimal resolution of bone structures in a separate study on low-
dose CT examinations of the paranasal sinuses.36

 Studies in specific populations such as pediatrics also 
reported significant improvements in overall image quality with 
the use of the MBIR algorithm, specifically with reduced im-
age noise and improved SNR. Two studies in pediatric chest CT 
examinations in particular noted an improved visualization of 
small structures, such as subpleural vessels and lung fissures, in 
reduced-dose CT examinations with the use of the MBIR algo-
rithm.35,37

Performance of the IRIS Algorithm

Studies evaluating the performance of IRIS in CT examinations 
generally reported that the use of IRIS preserved or improved 
image quality when compared to the FBP algorithm in reduced-

Figure 4: A comparison of image quality of coronal images reconstructed with FBP (a) and ASiR (b) algorithms in the imag-
ing of a right renal cyst. The image reconstructed using the ASiR algorithm at reduced radiation dose (21.4% dose reduc-
tion) shows comparable image quality to the image reconstructed with FBP, with lower image noise.29
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dose scans. Significantly reduced noise (23.3 versus 33.5 Houn-
sfield Units, p-value=0.001) and improved subjective image 
quality scores (3.2 versus 3.0, p-value=0.038) were noted when 
IRIS was used over FBP in coronary CT angiography examina-
tions.38 Another study meanwhile found no notable differences 
in both objective image noise and subjective image quality be-
tween reduced-dose IRIS images and standard-dose FBP images 
in CT examinations of the chest, abdomen and pelvis, despite a 
dose reduction of 44.4% (6.7 mSv versus 12.0 mSv).39 On the 
other hand, no significant  differences in subjective image qual-
ity (4.37 versus 4.31, p-value=0.72) were noted between IRIS 
and FBP images in reduced-dose CT examinations of the pa-
ranasal sinuses when radiation dose was reduced by up to 60% 
(0.11 mSv versus 0.28 mSv), while significant improvement in 
mean image quality score (4.81 versus 4.37, p-value=0.004) was 
achieved when radiation dose was reduced by only 20% (0.23 
mSv versus 0.28 mSv).40

 Three other studies however suggested much lower 
thresholds for dose reduction in order for the use of IRIS to pre-
serve image quality. One study comparing with the use of FBP 
and IRIS algorithms in chest CT examinations at both 100% and 
50% doses found that while objective image noise was consider-
ably lower in half-dose IRIS images than in full-dose FBP im-
ages, the subjective image quality score was significantly lower 
(p-value<0.0001) for half-dose IRIS images than for full-dose 
FBP images.21 The decrease in image quality scores was largely 
due to poorer image contrast and sharpness of mediastinal struc-
tures. Similarly, in a study of patients undergoing liver CT scans 
for hepatocellular carcinoma (HCC), overall subjective image 
quality was lower (2.27 versus 2.87, p-value<0.05) in IRIS im-
ages at 80 kV than FBP images at 120 kV.41 Head CT images 
reconstructed using IRIS at 30% reduced dose were also found 
to have considerable poorer subjective image quality when com-
pared to standard-dose FBP images in a study by Korn et al,23 
and a linear regression analysis of CNR against tube current per-
formed in the study suggested that the use of IRIS only preserves 
image quality up to an approximate 20.4% reduction in radiation 
dose.

Performance of SAFIRE and ADMIRE Algorithms

Studies that evaluated the performance of the SAFIRE algorithm 
in general also reported superior or similar image quality in re-
duced-dose SAFIRE images, in comparison to standard-dose 
FBP images. Improvements in subjective assessment of noise 
and image quality scores were noted in SAFIRE images at 20% 
reduced dose level (1.3 versus 1.6 and 1.3 versus 1.7 respec-
tively), in a study assessing the performance of SAFIRE in head 
CT examinations.42 The results are supplemented by findings in 
a study that compared half-dose SAFIRE images to full-dose 
FBP images in chest CT examinations, reporting lower objective 
noise and improved SNR (p-value<0.001) in SAFIRE lung im-
ages, while no considerable differences were noted in subjective 
image quality on both lung and mediastinal images.43 Addition-
ally, 1 phantom study indicated  improved low-contrast detect-

ability with the use of SAFIRE for all radiation dose levels and 
lesion sizes, with no statistically significant changes in spatial 
resolution.44

 Certain studies showed that other factors, such as pa-
tient body weight and anatomy of interest, can affect the per-
formance of SAFIRE in improving image quality. While SNR 
and CNR improved in SAFIRE images of patients weighing 
75 kg and below, no improvements were noted in patients that 
were heavier than 75 kg, in a study which evaluated the perfor-
mance of SAFIRE in coronary CT angiography.45 The results are 
in line with a separate study by Wang et al46 on obese patients 
with a body mass index (BMI) larger than 30 kg/m2. Another 
study investigating the use of SAFIRE in cervical spine CT ex-
aminations meanwhile noted that while increasing the iteration 
strength level of the SAFIRE algorithm improved visualization 
of the intervertebral discs and ligaments, the use of a higher-
strength SAFIRE algorithm resulted in poorer visualization of 
soft tissues and trabecular bone.47

 One study assessed the effect of ADMIRE on low-con-
trast detectability in a contrast-detail phantom, when compared 
to the FBP algorithm.48 The results demonstrated an average in-
crease of 5.2% (p-value<0.001) in detection accuracy with the 
use of ADMIRE, and low contrast detectability increased with 
increasing object contrast, size, dose index and strength of AD-
MIRE. The use of the ADMIRE algorithm allowed a significant 
reduction in dose that ranged from 56% to 60% and 4% to 80% 
in 2 reading sessions, while preserving low-contrast detectabil-
ity.

Performance of the iDose4 Algorithm

Comparison of the performance of the iDose4 algorithm to the 
FBP algorithm generally demonstrated lower image noise, in-
creased CNR and improved overall image quality with the use 
of iDose4, when reconstructed images were acquired at the same 
level of radiation dose. One such study assessed the performance 
of the iDose4 algorithm in CT perfusion scans of the pancreas, 
and reported a noise reduction of 36.8% (10.6 versus 16.9 Houn-
sfield Units) when comparing iDose4 images to FBP images at 
80 kV.49 Similarly, subjective image quality scores were mark-
edly higher in iDose4 images, when compared to FBP images in 
another study involving low-dose CT scans of the brain (2.91 
versus 2.72, p-value<0.0055).50 In addition, no changes in spa-
tial resolution were noted with the use of the iDose4 algorithm 
in another study which investigated the performance of FBP 
and iDose4 algorithms at different acquisition parameter settings 
with the use of a Catphan phantom.51 The study also reported 
improvement in low-contrast resolution with the use of iDose4 
in low-dose scans of less than 5 mGy.

 Differences do however exist between these studies 
when comparing the image quality of iDose4 images at reduced 
dose to FBP images acquired at standard dose. While the study 
on CT perfusion scans of the pancreas reported no notable dif-
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ferences in subjective image quality and mean CNR values be-
tween reduced-dose (10.81 mSv) iDose4 images and standard-
dose (23.37 mSv) FBP images, improvements in both objective 
and subjective image quality in iDose4 images were noted in 
another study performed in chest-abdomen-pelvis CT scans, 
with an effective dose reduction of 46.5% (7.1 mSv versus 12.9 
mSv).49,52 Interestingly, reduced-dose iDose4 images were given 
poorer subjective image quality scores by radiologists when 
compared to standard-dose FBP images in the study involving 
low-dose CT scans of the brain, despite lower objective noise 
levels in the iDose4 images.50

Performance of AIDR and AIDR 3D Algorithms

One study assessed the influence of AIDR on dose reduction and 
image quality, while four others compared the newer AIDR 3D 
algorithm with the FBP algorithm. In a study which assessed 
the impact of the AIDR algorithm in both a phantom study 
and a patient-based study in lumbar spine CT examinations, it 
was reported that lower image noise and improved SNR was 
achieved with the use of AIDR without altering spatial resolu-
tion.53 Results of the patient-based study showed a mean image 
noise reduction of 31% (15.6 versus 22.5 Hounsfield units) and 
an improvement of SNR from 2.36 to 3.50 with AIDR, despite 
an estimated dose reduction of 52%.

 Studies assessing the performance of AIDR 3D algo-
rithms generally reported significant image noise reduction and 
CNR improvement when AIDR 3D was used over the FBP algo-
rithm. In a study by Kim et al54  which assessed the effectiveness 
of AIDR 3D on noise reduction according to body habitus by 
using phantoms of different sizes, the use of AIDR 3D signifi-
cantly reduced image noise and improved CNR and SNR values 
(p-values=0.001), with increasing noise reduction as the size of 
the phantom increased. Similar findings are reported in another 
study by Schindera et al,55 where objective noise was reduced by 
14.5 to 37.5% in abdominal CT examinations of obese patients 
through the use of a liver phantom.

 However, the results vary when discussing its effect on 
low-contrast detectability. The study by Schindera et al56 noted 
no significant improvement in low-contrast detectability, when 
AIDR 3D was used for scans on obese patients. Yet, a separate 
liver phantom study conducted by the same authors evaluating 
the use of AIDR 3D in general abdominal scans, reported that 
the use of AIDR 3D failed to preserve low-contrast detectability 
when the radiation dose level was reduced by 80%. In the latter 
study, sensitivity for detection of low-contrast liver tumors was 
found to be significantly lower (p-value=0.019) in AIDR 3D im-
ages acquired at 20% dose, when compared to both FBP and 
AIDR 3D images acquired at the full radiation dose level.

DISCUSSION

Increasing demand for CT examinations has led to rising con-
cerns over the amount of exposure to ionizing radiation in medi-

cal imaging.4 Together with the rapid advancements in computer 
technology, IR algorithms have recently re-emerged as an al-
ternative to the FBP algorithm in CT image reconstruction for 
dose reduction while preserving image quality.1 This systematic 
review evaluated the relevant literature from 2012 to 2015 to 
establish if there is a general consensus that IR algorithms faith-
fully reduce dose and improve image quality in CT when com-
pared to the FBP algorithm.

 Review of the literature in clinical performance studies 
of different IR algorithms showed that the use of IR algorithms 
definitively reduced objective image noise regardless of the type 
of IR algorithm used.28,29,31,33-35,37,38,43,49,54,55 The extent of the noise 
reduction achieved however varies and depends on various fac-
tors, such as the type of IR algorithm used, the acquisition pa-
rameter settings, patient size and the type of CT examination 
performed. Newer generations of IR algorithms, such as MBIR 
and ASIR-V, allow for significantly increased noise reduction 
when compared to older algorithms such as ASiR, as demon-
strated in the studies by Lim et al20 and Ning et al.32

 It is however insufficient to draw conclusions on the 
performance of IR algorithms based on objective image noise 
alone. The subjective image quality with the use of IR algo-
rithms also needs to be considered, so as to evaluate their effects 
on spatial resolution, low-contrast detectability and diagnostic 
acceptability.9 Most studies reported no changes in spatial reso-
lution with the use of IR algorithms, while low-contrast detect-
ability were preserved or improved despite IR images being ac-
quired at a lower dose level.29,34,44,51,57

 Results from the literature suggest that the preservation 
of subjective image quality with the use of IR algorithms only 
holds true up to a certain threshold in dose reduction. When the 
radiation dose level is reduced excessively, the use of IR algo-
rithms is unable to preserve image quality, as seen in studies by 
Hwang et al21 and Hur et al,41 where subjective image scores of 
IRIS images acquired at 50% and 70% dose respectively were 
considerably poorer than standard-dose FBP images. Similar 
findings were reported in two other studies by Love et al50 and 
Schindera et al,56 which assessed the performance of the iDose4 
and AIDR 3D algorithms respectively. It is difficult to quantify 
the optimal amount of dose reduction that IR algorithms are able 
to provide without compromising on image quality, since it is 
dependent on various factors such as the type of IR algorithm 
used and the anatomy of interest that is examined, although one 
study by Korn et al23 suggested that the use of an IRIS algorithm 
preserves image quality up to a 20.4% reduction in dose level.

 The use of IR algorithms in CT examinations of spe-
cific patient populations, such as pediatrics and obese patients, 
have also shown to preserve or improve overall image quality 
in low-dose scans.28,29,35,37,46,54 In particular, the amount of noise 
reduction was noted to increase as the size of the body habitus 
increased in the studies of obese patients.54 This is a noteworthy 
finding with important implications, since radiation dose is par-
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ticularly of huge concern in these patient groups. Pediatrics are 
generally more sensitive to ionizing radiation than adults, while 
patients of larger body habitus receive higher radiation doses 
due to higher exposure settings required to obtain diagnostically 
acceptable images.

 In the use of hybrid IR algorithms such as ASiR and 
iDose4, the percentage blend of IR algorithm to FBP can impact 
the influence of IR algorithms on the image quality of produced 
images. Using an excessively high iteration level of these al-
gorithms can produce a smoothing effect on images that may 
reduce visibility of small structures and consequently deteriorate 
subjective image quality.14,31,33 Artifacts were also noted with the 
use of the MBIR algorithm, where a blotchy pixelated appear-
ance of the central bronchi and lung vessels was noted in a study 
performed in chest CT examinations.33 It should however be 
noted that the changes in image appearance did not affect the 
diagnostic acceptability of images.

 Finally, whether the use of IR algorithms improves im-
age quality also depends on the anatomy of interest that is exam-
ined. Visualization of soft tissues and trabecular bone was noted 
to be poorer with increased strengths of SAFIRE algorithm in 
cervical spine CT examinations, while bone structure visualiza-
tion was also poorer with the use of the MBIR algorithm in CT 
examinations of the paranasal sinuses.36,47 A possible conclusion 
that may be drawn from these findings is that the use of IR algo-
rithms are unable to correct for poor image detail in denser struc-
tures as bone, although further studies are needed to validate this 
observation.

 A limitation of the current review is that there were 
very few studies performed on the newest generations of IR al-
gorithms, such as ASIR-V and ADMIRE. This is likely due to 
the fact that the algorithms were only introduced in late 2013 
and 2014 respectively, resulting in limited availability of these 
algorithms for clinical use. Although results from the only stud-
ies evaluating these algorithms appear promising, further re-
search is needed in clinical trials to affirm these results.

 With the continuous research in place to develop newer 
generations of IR algorithms and rapid improvement in com-
puter technology, it is likely that more advanced IR algorithms 
will be developed in the near future. The use of these algorithms 
will likely be able to further reduce radiation dose in CT ex-
aminations while preserving image quality, therefore a probable 
gradual shift away from traditional analytical methods for image 
reconstruction should be expected in the foreseeable future.

CONCLUSION

In conclusion, the results of the literature from 2012 to 2015 
share the general consensus that IR algorithms do faithfully re-
duce radiation dose and improve image quality in CT examina-
tions, when compared with the FBP algorithm. The use of IR 
algorithms definitively reduces objective image noise even at 

reduced radiation dose levels, while subjective image quality, 
in terms of spatial resolution and low contrast detectability, is 
improved or preserved with the use of IR algorithms as long as 
the radiation dose is not reduced excessively. However, the use 
of IR algorithms of excessively high iteration levels should be 
avoided, as the produced smoothing effect can negatively impact 
the subjective image quality. The use of IR algorithms may also 
be unable to preserve image detail in denser structures such as 
bone, although further research may be needed to validate this 
observation. With the rapid improvement in technology, IR algo-
rithms will likely become the preferred CT image reconstruction 
method in the foreseeable future.
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ABSTRACT

Angioleiomyoma represents a benign stromal tumor, which usually occurs in the subcutaneous 
tissue of the extremities. The angioleiomyoma in the finger is rare. We report 2 rare cases of 
an angioleiomyoma in finger. Case one, was a 72-year-old man with a mass on the radial side 
of distal phalanx of the left third finger. Case two, was a 70-year-old man with a mass on the 
ulnar side of interphalangeal joint of the left thumb. Both cases showed isointense to hypoin-
tense mass lesion on both T1 and T2-weighted images and were pathologically diagnosed with 
an angioleiomyoma. Heterogeneously isointense to hypointense on T2-weighted MR image 
showed two components: smooth muscle tissue punctuated with thick-walled vessles and/or 
hyalization on pathological finding. When much hyalization is included, it will not be enhanced 
on gadolinium-enhanced fat suppressed T1-weighted magnetic resonance (MR) image. Both 
T2-weighted and gadolinium-enhanced fat suppressed T1-weighted MR image findings should 
considered to predict tumor composition.

KEYWORDS: Angioleiomyoma; MRI; Hyalization; Myxoid.

INTRODUCTION

Angioleiomyoma in the extremities is a benign smooth muscle neoplasm arising from the small 
blood vessels of the muscle. It was first described in 1937 by AP Stout,1 who reviewed the 
literature on solitary cutaneous and subcutaneous leiomyomas and added 15 more cases from 
his own clinic-pathologic findings.1,2 We found 40 articles about magnetic resonance imaging 
(MRI) findings in angioleiomyoma using PubMed online. Many authors reported that angi-
oleiomyomas showed different types of signal intensity on MRI. There are very few reports 
about pathological and radiological correlation in angioleiomyomas. We report the pathological 
and radiological correlation of 2 cases of angioleiomyoma in the finger seen in our hospital and 
observed on MRI using a microscopy coil. 

CASE REPORTS

Case 1

A 72-year-old man came to our observation because of the presence of a mass on his left 
middle finger, which had been hurting for the recent two weeks. The mass was present for ap-
proximately 30 years without pain or increase in size. On physical examination, the mass was 
slightly mobile, approximately 1 cm in size and located subcutaneously just adjacent to the 
radial side of distal phalanx of the left third finger. Overlaying skin was intact. Range of motion 
of the proximal and distal interphalangeal joints of the third finger was complete. He had no 
history of trauma on the site of lesion. Radiograph of the finger showed an oval-shaped soft tis-
sue mass lesion on the radial side of the distal phalanx. There was no associated calcification or 
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bony involvement (Figure 1). An excision biopsy was proposed. 
Before the surgery, a finger MRI was performed.

 The finger MRI (1.5 Tesla Achiva, Philips, Nether-
lands) using a microscopy coil (micro 47 grant coil) showed 
a heterogeneously hypointense mass lesion located in the sub-
cutaneous tissue layer adjacent to the distal phalanx of the left 
middle finger on both T1-weighted (TR 405 msec, TE 15 msec, 
Thickness 1.5 mm, FOV 60 mm) (Figure 2a) and T2-weighted 
(TR 2500 msec, TE 90 msec, Thickness 1.5 mm, FOV 60 mm) 
(Figure 2b) coronal images. On gadolinium-enhanced fat-sup-
pressed T1-weighted coronal and axial images (TR 470 msec, 
TE 13 msec, Thickness 1.5 mm, FOV 60 mm), the mass lesion 
showed enhancement in the margin especially in the superior 

area (Figures 2c-2d arrows). A fibro-proliferative neoplasm, an 
angioleiomyoma or a calcium pyrophosphate dihydrate crystal 
deposition disease (CPPD) like gout was initially suspected. Tu-
mor resection was performed and the circumscribed mass was 
confirmed to be located within the subcutaneous fat.

 No involvement of the adjacent lateral collateral liga-
ment of the distal interphalangeal joint was observed. On mi-
croscopic examination, the mass showed well-circumscribed 
fascicles of mature smooth muscle cells surrounding vascular 
lumina, lined by normal appearing endothelium (Figure 3a), pre-
dominantly in the peripheral area of the tumor and mostly in the 
stromal hyalization (Figure 3b). The pathological diagnosis was 
an angioleiomyoma.

Figure 1: X-ray of the left 3rd finger, AP view. 
Oval shaped soft tissue density mass lesion without calcification is visual-
ized along the distal phalanx of the third finger (arrow). 

Figure 2: The third finger MRI using a microscopy coil (micro 47grant coil).
The mass lesion shows very low signal intensity with intermediate signal septum on both T1-weight-
ed (a) and T2-weighted (b) coronal images (arrows). On contrast study, the mass lesion is well 
enhanced (c, arrows).

Figure 3: Tumor cells with H-E stain x200).
The tumor consists of smooth muscle tissue punctuated with thick-walled vessles (a) and is predominantly visualized in the peripheral area. Most are 
occupied in the stromal hyalization (b).
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Case 2

A 70-year-old man reported to our facility with a painless nod-
ule adjacent to the ulnar side of interphalangeal joint (IP) of 
the left thumb. The nodule was present for approximately one 
year, with slow progressive growth. On physical examination, 
the nodule was rubbery in consistency, located subcutaneously 
and 1 cm in size. Overlying skin was intact. Range of motion 
of the left thumb was complete. Radiograph showed an oval-
shaped soft tissue mass adjacent to the IP joint (Figure 4 arrow) 
of left thumb. An MRI (1.5 Tesla Achiva, Philips, Netherlands) 
was performed using a microscopy coil (micro 47 grant coil) in 
order to exclude the presence of a malignant tumor. It showed 
isointense nodule on both T2-weighted (TR 2550 msec, TE 90 
msec, Thickness 1.5 mm, FOV 60 mm) (Figure 5a arrow) and 
T1-weighted (TR 400 msec, TE 15 msec, thickness 1.5 mm, 
FOV 60 mm) (Figure 5b arrow) image, and moderate enhance-
ment on gadolinium-enhanced fat-suppressed T1-weighted im-

ages (TR 480 msec, TE 13 msec, Thickness 1.5 mm, FOV 60 
mm) (Figure 5c arrow). The margins of the nodule were indis-
tinct on MRI. We suspected an angioleomyoma, a fibroprolif-
erative neoplasm or a neurogenic tumor. Tumor resection was 
performed and a circumscribed mass was identified with in the 
subcutaneous fat layer. No involvement of the lateral collateral 
ligament of the IP joint was observed. Microscopically, it was 
composed of small vessels with smooth-muscle thickening of 
their walls (Figure 6). A little zonal distribution of hyalinization 
was noted. The pathological diagnosis was compatible with a 
solid type angioleiomyoma. 

DISCUSSION

Angioleiomyoma in lower extremities occurs more frequently 
in women, while its presence at the head level, in the trunk or 
upper extremities is more common in men.3,4 The peak incidence 
is in the 4th to 6th decades of life. Pain and tenderness are more 

Figure 6: Tumor cells with H-E stain x100).
Many small vessels with smooth-muscle thickening of their walls are visualized and 
are scattered among the stromal hyalization. 

Figure 4: X-ray of the left thumb, AP view.
Oval shaped soft tissue density mass lesion is visualized at level of 
subcutaneous area of the IP joint (arrow). No bone erosive change 
is seen.

Figure 5: Thumb MRI using a microscopy coil (micro 47grant coil).
The mass lesion shows low signal intensity with a target like appearance on 
both T2-weighted (a, arrow) and T1-weighted (b, arrow). It is well-enhanced 
on gadolinium-enhanced fat suppression T1 weighted axial image (c, arrow). 
Medial lateral collateral ligament of the IP joint is indistinct (c, arrowhead). 
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frequent when the tumor is located in the lower extremities than 
in the upper extremities, head or neck. Duhig and Aye5 reported 
that 27 of 61 patients with this tumor complained of these symp-
toms.

 Angioleiomyomas in the hand are rare and even more 
uncommon in the fingers. They account for 5-12% of all hand 
tumors. Prasad R et al6 reported that there are less than 200 cases 
of terminal phalanx angioleiomyoma described in the literature. 

 The most definitive diagnostic method to make a diag-
nosis is from histologic analysis of an excisional biopsy, togeth-
er with a confirmatory immunohistochemical evaluation. Char-
acteristics of angioleiomyoma on CT scan have not been well 
described yet. However, MRI has been frequently used as it is 
more sensitive for discerning between the soft tissue layers and 
can demonstrate a non-specific, well defined, round or oval mass 
in the subcutaneous or dermal tissue.7 Ashley DW et al8 reported 
that angioleiomyomas are usually either isointense or hyperin-
tense if compared to skeletal muscle on T1-weighted MR image 
(low signal on magnetic resonance imaging) and heterogeneous 
on T2-weighted MR image (high signal on magnetic resonance 
imaging), and often have a hypointense fibrous capsule as the 
peripheral rim.

 Some studies have reported about the pathological and 
radiological correlation of Angioleiomyoma.9-12 Hwang et al10 
suggested that the smooth muscle and the numerous vessels cor-
responded to the high signal intensity areas, while the fibrous 
tissue appeared iso signal intensity on T2-weighted MR images. 
Yoo et al11 suggested that the presence of tortuous vascular chan-
nels surrounded by smooth muscle bundles and areas of myxoid 
change could explain the heterogenicity of signal intensity of the 
tumor on T2-weighted images. Matsuyama et al12 reported that 
some flow void is suggestive of vessels along and/or within the 
tumor and can help in the diagnosis of angioleiomyoma. Some 
tumors showed predominant myxoid change and hyalization 
corresponding to the higher signal intensity on T2-weighted im-
age than the remaining part of mass.9 However, in case 1, only 
hyalization component was visualized in the center area of the 
tumor on pathological findings and it showed heterogeneously 
hypointense signal on T2-weighted MR image. It may suggest 
that myxoid component reflects hyperintense signal and hyaliza-
tion refects hypointense signals on MRI. However, myxoid and 
hyalization occurring in angioleiomyomas might be secondary 
to the circulatory disturbance. In addition, small vessels with 
smooth-muscle thickening on pathological finding were consis-
tent, with marginal enhancement area on gadolinium-enhanced 
fat suppression T1-weighted MR image. On the other hand, in 
our case 2, little hyalization areas were visualized in the tumor 
and showed isointense on T2-weighted MR image. Hyper cel-
lular component composed of many small vessels with smooth-
muscle thickening gave isointense on T2-weighted MR image. 
As the evidence, the tumor of case 2 moderately enhanced on 
gadolinium-enhanced fat suppressed T1-weighted MR image 
as compared to the tumor of case 1. Basing on the diagnostic 

evidences obtained from our 2 cases, if we are able to consider 
both findings of T2-weighted and gadolinium-enhanced fat sup-
pressed T1-weighted MR image, we could predict the tumor 
composition.

 The differential diagnosis of a well-defined, enhancing, 
subcutaneous nodule or mass with T2-hyperintense to isointense 
signals includes synovial sarcoma, other low-grade soft tissue 
sarcomas, haemangioma, neurogenic tumour and nodular fasci-
itis. In addition, Low-grade sarcomas such as synovial sarcoma 
and low-grade myxofibrosarcoma may be slow in growing and 
appear well-circumscribed on MRI, giving the misleading im-
pression that the lesion is well-localised. Haemorrhage, which 
may be seen as T2-hypointense, may be present in synovial sar-
comas.

CONCLUSION

Angioleiomyoma of the finger is a rare tumor. Heterogeneously 
isointense to hypointense on T2-weighted MR image shows 2 
components on pathological findings: a smooth muscle tissue 
punctuated with thick-walled vessles and/or hyalization. When 
much hyalization is included, it will not be enhanced on gadolin-
ium-enhanced fat suppressed T1-weighted MR image. Both T2-
weighted and gadolinium-enhanced fat suppressed T1-weighted 
MR images findings should consider in order to predict the tu-
mor composition.
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ABSTRACT

In the clinical treatment of solid tumors, besides traditional surgery and chemotherapy, the use 
of High Intensity Focused Ultrasound (HIFU) has been established as a minimally non-inva-
sive technique for tumor treatment, which is based on coagulative necrosis of cells, induced by 
conversion of mechanical energy into heat. Another, less developed technique for the destruc-
tion or damage of tumor cells, is based on the pure mechanical effects of strong shock waves 
on cells, which are generated by using laser ablation, thus avoiding the heat-related unwanted 
side-effect when using HIFU (cutaneous burns of healthy tissue). Despite the general thera-
peutic success of extracorporeal shock wave therapy in medicine, e.g. for disintegrating con-
grements, the mechanical effects of shock waves on the cytoskeleton of cells, on the transient 
permeability and rupture of cell membranes, or on tissue damage remain widely unknown. The 
mechanical behavior of bio-macromolecules however, is of particular importance on the cel-
lular level as several basic and yet unanswered questions are raised: How are cell stresses and 
energy transmitted through cells and in what way are the forces and interactions that determine 
the stability of cell plasma membranes affected by a shock wave and give rise to cell deforma-
tion, structural damage or rupture of the membrane with subsequent apoptosis? Here, we intend 
to review research on the shock wave destruction of tumor cells and discuss the use of laser-
ablation as a new potential technique for tumor treatment. We also discuss here recent prog-
ress in computational modeling strategies and techniques for understanding the basic physical 
mechanisms that occur in the interaction of shock waves with cellular structures and show how 
computer modeling and numerical simulation can contribute to a fundamental understanding 
in this emerging multidisciplinary field, where physics, chemistry, biology and medicine meet.

KEYWORDS: Shock waves; Molecular dynamics; Multiscale Modeling; Computer simulations; 
Cancer cells; Ultrasound; Drug delivery; Laser ablation.

ABBREVIATIONS: MRI: Magnetic Resonance Imaging; US: Ultrasound; MD: Molecular Dy-
namics; TMG: Tumor Suppressor Gene; MM: Multiscale Modeling; LISW: Laser-Induced 
Shock Waves; ESWL: Extracorporeal Shock Wave Lithotripsy; MRI: Magnetic Resonance Im-
aging; ECM: Extra Cellular Matrix; FE: Finite Element.

INTRODUCTION

On a fundamental level, cancer is a complex disease which exhibits uncontrolled cell prolifera-
tion: cancer cells, either through epigenetic alterations or mutations, overexpress oncogenes 
and under-express tumor suppressor genes (TMGs). Hence, the cells go through the cell cycle 
more often, completely disregarding apoptotic signals, resulting in an increased proliferation 
and uncontrolled tissue growth.1 Consequently, most cancer therapies attempt to manipulate 
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these processes either by cytostatic (suppressing entry to or pro-
gression through the cell cycle) or cytotoxic (inducing apoptosis, 
programmed cell death) mechanisms. For example, chemother-
apy agents such as doxorubicin are considered to be cytotoxic.2 
Therapies that target hormone-addicted cells (e.g., tamoxifen in 
estrogen-driven breast cancer) are considered to be cytostatic.3

The Physics of Cancer Cells

Studies of cells’ passive viscoelasticity-based biomechanics have 
already led to deep insight into a cell since its mechanical prop-
erties are directly related to its function by the cytoskeleton com-
position and architecture.4 Intracellular pathologic changes influ-
ence cytoskeleton structure and function, which makes a cell’s 
mechanical signature a highly sensitive marker of its health.5 In 
malignant cells the cytoskeleton devolves from an ordered and 
rigid structure to an irregular and compliant state, including a 
reduction of the cytoskeleton polymers and accessory proteins 
and a restructuring of the network. The cell changes from a ma-
ture state to a replicating, motile and cancerous form.6 From a 
more general viewpoint, cytoskeleton strength and organization 
increase as a cell becomes more differentiated. Thus, stem cells 
and malignant cells, as undifferentiated cells, are expected to 
be softer than mature and fully differentiated cells. Consequen-
tially, measuring a cell’s rigidity provides information about its 
state and composition and may be viewed as a cell marker.5 In 
recent years, genetic, immunocytochemical and biochemical 
studies have identified many different players involved in the 
regulation of the cytoskeleton. Physical studies concentrating on 
the mechanical properties of cells or in vitro cytoskeleton model 
systems have been helpful in elucidating the complex synergies 
and redundancies of generic physical and specific biological 
mechanisms in establishing the overall mechanical performance 
of biological tissue. Unexpectedly, such studies have revealed 
a remarkable universality in the viscoelastic response functions 
of reconstituted networks and of whole cells of different types 
over a wide range of timescales, which is reminiscent of glassy 
materials.7,8 At the same time, the overall cell stiffness has been 
demonstrated to be very sensitive to cytoskeleton dysfunction, 
a connection that lends itself to an extremely efficient and reli-
able automated detection (and may possibly also be the cause) of 
some diseases.5 To gain a detailed understanding of  how these 
highly universal and specific mechanical properties of cells 
originate from the molecular structure of the cytoskeleton, it is 
essential to probe cell mechanics on multiple scales. 

Treatments of Cancer

Traditionally, the only cure for solid tumors has been surgery, 
i.e. the resection of solid tumor tissue.9 However, open surgery 
is always associated with a high risk for the patient, suppression 
of a patient’s immune system and a significant mortality rate. 
Minimally invasive techniques as an alternative to open surgery, 
which became available during the 1990’s for localized tumor 
treatment, such as radiofrequency ablation,10 cryoablation,11 
direct laser ablation,12 or high-intensity focused ultrasound 

(HIFU), are methods which use a range of energies for direct in 
situ tumor destruction through energy absorption and killing by 
heating or evaporation. Besides direct conversion of mechani-
cal energy into heat, biological material may be damaged by the 
effects of mechanical stress caused by shock waves.13  An effi-
cient way to generate shock waves in biological systems became 
available to biomedical research by the use of high-power lasers 
shortly after the invention of the Q-switched pulsed laser in the 
1960s.14

The Impact of Shock Waves on Cells

The theoretical foundations of shock wave physics originated 
from 17th century studies of classical acoustics and 18th century 
aeroballistics. With the advent of high-speed photography in late 
19th century and further progress in experimental visualization 
techniques in 20th century, the study of shock waves in different 
states of matter has gradually emerged from a very small and 
unnoticed branch of physics to a major complex and interdisci-
plinary science.15,16

Physical Definition of Shock Waves

Shock waves are in essence discontinuous, rapid mechanical 
phenomena that have been observed and studied in the labo-
ratory and in nature, in microscopic as well as in macroscopic 
dimensions and in all states of matter: gaseous,17,18 liquid,19-21 
solid,22-24 plasma,25,26 and even in Bose-Einstein condensates.27-29 
Terrestrial examples30 of naturally occurring discontinuities are 
high-energy events such as meteorite impacts, thunder, volca-
nic explosions, sea-and earthquakes or tsunamis, while in outer 
space31 they encompass plasma shock waves induced by so-
lar wind, supernovae explosions, implosions of white dwarfs, 
comet and asteroid impacts, and stellar or galactic jets. This va-
riety of phenomena and in particular the possible applications 
of shock waves in different areas such as physics, chemistry, 
biology, medicine and even engineering generally renders the 
scientific study of shock waves a rather fascinating and interdis-
ciplinary subject.

 We focus here on the physical proper definition of shock 
waves which–in medical literature–is not always used correctly 
and many studies fail to show that they were really dealing with 
shock waves and not merely with high-energy sound waves. In 
the natural sciences, a shock wave describes a mechanical wave 
characterized by a surface or sheet of discontinuity in which, 
within a narrow region, thermodynamic quantities such as pres-
sure p, density ρ, particle velocity v or temperature T change 
abruptly.17 While a theory of shock waves with an infinitesimal 
jump condition can be developed mathematically in the frame-
work of approximate continuum models of condensed matter, 
i.e. based on the hydrodynamic equations of ideal fluids or gas-
es, in physical context, shock wave theory is somewhat limited, 
because the width of a shock wave is always of finite size and 
because of the actually discrete atomic nature of condensed mat-
ter. It turns out that shock waves are essentially small regions 
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of a system, where non-adiabatic, i.e. irreversible energy dis-
sipation occurs. The notion of a shock wave as an infinitely thin 
sheet of discontinuity is a mathematical idealization. The width 
of the shock wave i.e. the size of the dissipative region estab-
lishes itself according to the conservation laws of continuum 
theory. In very strong, high-amplitude shock waves, their width 
becomes so small that they are practically indistinguishable 
from the mathematical idealization of an infinitesimally small 
perturbation with jump conditions for thermodynamic variables. 

In solids, physical shock waves are mechanical waves of finite 
amplitudes and arise when condensed matter is subjected to a 
rapid compression. Shock waves can be defined by several ma-
jor distinctive properties as follows:

• A pressure-dependent, supersonic velocity of propagation.
• The formation of a steep wave front with a sudden change of 

thermodynamic quantities.
• Non-linear superposition properties (for reflection and inter-

action).
• A strong decrease of propagation velocity with increasing 

distance from the center of the origin for the case of non-
planar shock waves.

 Sometimes another criterion for a shock wave is listed 
in shock wave literature which is the extremely short rise time 
of the pressure within tens of nanoseconds. However, this is not 
a defining criterion of shock waves, because no generally agreed 
upon definition exists of what “extremely short” really is sup-
posed to mean – it is a term of rather subjective nature. A nano-
second rise time certainly applies for lithotripter shock waves 
which are used in medicine as a non-invasive technique to com-
minute calculi32 and for other therapeutic purposes33; however, 
in the geologic realm for example, meteorite impacts, explosive 
volcanic eruptions and earthquakes can provoke drastic and ir-
reversible changes within seconds.

 One characteristics that distinguishes a shock wave 
from an ordinary sound wave is that the initial disturbance in the 
medium that causes a shock wave is always traveling at a veloc-
ity greater than the phase velocity of sound in the medium (the 
electromagnetic analog of this is called Cherenkov radiation).34 
Because a shock wave moves faster than the speed of sound, the 
medium ahead of the shock front cannot respond until the shock 
strikes, and so the shock wave falling upon the particles of mat-
ter initially at rest, is a supersonic phenomenon.

Shock Waves Produced by Lithotripters

Since its invention in the early 1980s, Extracorporeal Shock-
wave Lithotripsy (ESWL) has evolved as a clinical standard, 
which is widely used as the only non-invasive surgical technique 
to eliminate e.g, kidney stones and other urinary calculi.33 Rass-
weiler et al35 describe the multiple mechanisms associated with 
stone disintegration by ESWL as well as current advances in in-

strumentation and clinical praxis. A shock wave is a mechanical 
wave that induces a transient pressure rise and propagates at a 
speed above the speed of sound of the corresponding medium. 
It is created by means of a piezoelectric, electro-hydraulic or 
electromagnetic transducer, called lithotripter, which generates 
focused high-amplitude pressure waves in a contact medium 
outside the body.35,36 The patient is positioned such that the stone 
is brought into the focus of the pressure wave. When the acoustic 
energy deposited in the focal region is high enough, cavitation 
bubbles filled with vapor or gas form and collapse violently. This 
collapse results in formation of a shock wave that in turn disinte-
grates the stone. Apart from stone destruction, ESWL can cause 
tissue injury as unwanted adverse effects during treatment.37 The 
physical mechanisms related to the cavitation phenomenon that 
cause both stone destruction and tissue damage are very com-
plex, not well understood and hardly experimentally controlla-
ble.35,37-39 The fact that ESWL can cause tissue damage, inspired 
experiments that applied lithotripter induced shockwaves to tu-
mors in vivo. While several first studies in animal models did not 
show any impact of shock waves on tumor growth,36 some re-
sults seemed encouraging, for example a delayed tumor growth 
in mice40 and even complete remission of dorsal skin tumors in 
hamsters.41 However, up-to-date shock wave treatment has not 
been used in clinical traits, most likely because the cavitations 
phenomenon is very hard to control and the unspecific effects 
on ESWL on cells cause the need for live imaging techniques 
during treatment. Parallel to the in vivo experiments on tumors, 
a large number of in vitro studies on different cell lines in culture 
were performed as reviewed by Coleman and Saunders,36 and 
Delius.39

 The application of several hundred shock waves created 
by commercial lithotripter systems causes cell death. Most strik-
ing for a possible shock wave based tumor therapy was a study 
on different normal and malignant cell lines, which showed no 
selective effect.38 When the energy deposited by the lithotripter 
is reduced below the lethal value, it is possible to permeabilize 
the cells without killing them.42-46 In this way, molecules pres-
ent in the surrounding medium can diffuse into the cells. This 
effect has possible applications for drug delivery and gene trans-
fer.47 In more recent studies, adherently grown cells on transpar-
ent substrates were exposed to shock waves and analyzed with 
(fluorescence) microscopy. In direct vicinity of the cavitation 
bubble, the cells are completely destroyed and detached from 
the surface. Cells close to the bubble were permanently permea-
bilized and killed, whereas cells further away from the bubble 
survived.48,49 This behavior could be connected with deforma-
tions of the cytoskeleton.50 Generally speaking, ESWL treat-
ment of cells seems to be only poorly controllable because of the 
cavitation process and no selective effects on cells are observed. 
These disadvantages might be overcome by the technique of la-
ser-induced shockwave generation discussed in the next section, 
which is based on purely mechanical destruction of cells, where 
no cavitation effects occur.
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Laser-Induced Shock Waves

When irradiating an absorbing material with a pulsed laser, the 
optical energy deposited on the absorber is transformed into me-
chanical energy. A shock wave forms at the surface and then 
travels the absorber.51 The shock wave properties such as rise 
time, velocity of propagation or peak pressure depend on the 
absorbing material and the laser parameters. For one specific la-
ser/absorber system, the peak stress of the shock wave can be 
tuned by varying the laser fluence that is equal to the total energy 
deposited per area of illumination.52-54 In this experimental con-
figuration, well-defined, reproducible shockwaves can be gen-
erated without the side effect of heating or cavitation.55 Thus, 
the pure mechanical effect of the shockwave on the cells can 
be investigated. As reviewed by Yao et al,56 also Laser-Induced 
Shockwaves (LISW) are able to render the cell membrane per-
meable, giving rise to drug delivery and gene transfection. The 
application to whole tissue structures is also possible. For ex-
ample, transdermal insulin delivery by LISW results in a reduc-
tion of the blood glucose level without causing any pain to the 
patient.57 Here, we focus on the direct lethal effect of LISW on 
cells. In the following, we review the literature concerning the 
impact of LISW on cells and present current progress and novel 
developed techniques that will help to further classify the prop-
erties of LISW.

 In Table 1, we provide an overview of major studies 

that investigated the biological effects of the interaction of shock 
waves (or strong pressure waves) with biological cells.

 Figure 1 shows the basic features of the experimental 
setups used in several studies reported in the literature.60-62,65,66,69 
The laser beam is directed onto the bottom of a cell culture ves-
sel, that consists of an absorbing material. Upon illumination 
with the laser, a shock wave is formed that travels into the vessel, 
and interacts with the cells. For one specific cell line, it turned 
out that the survival rates of cells exposed to LISW depend on 
stress gradient σ=pmax/τR, where pmax is the peak pressure and  is 
the rise time of the shock wave.60 However, the survival rates 
among different cell lines differ remarkably at constant physical 
parameters pmax and τR. For example, only 50% of transformed 
(immortalized) retinal pigment epithelium cells survive expo-
sure to shock waves with pmax=74 MPa and τR=10 ns. However, 
100% of normal retinal pigment epithelium cells survive this 
procedure.60 A shock wave with τR=10 ns and pmax=30 MPa kills 
50% of mouse breast sarcoma cells, whereas human promelo-
cytic leukemia cells survive this exposure.69

 All of the above mentioned studies in Table 2 had ma-
jor deficiencies in the techniques used to characterize the physi-
cal conditions in the vessel. Usually, the pressure profiles are 
measured with piezoelectric elements (Polyvinylidene fluoride, 
PVDF) either in form of needle hydrophones or piezoelectric 
films that are brought in contact to the surface of the culture 

Cell type Type of study & number of pulses Maximum pressure level & method Reference

Lymphocytic mouse leukemia 
cells L1210

In vitro; cells in suspensions and immobilized in 
gelatin; 125 to 500 pulses

Dornier XL1 lithotripter;
38.6 MPa Brümmer et al58

Human renal cell carcinoma RC-8, 
grown in the mouse

In vivo; series of 3-200 pulses with pulse  
duration of 1.5  at 10Hz

Laser ablation (polyimide target) with a Candela LDFD/3 
flash lamp pumped dye laser Reijke et al59

Mouse breast sarcoma cells 
EMT-6

In vitro; 25-240 mJ pulse energy; up to 50 
pulses

Laser ablation (polyimide target) with ArF/KrF excimer 
laser; 

35-65 MPa
Doukas et al60

Mouse breast sarcoma cells 
EMT-6 In vitro Laser ablation (polyimide target) with ArF excimer laser; 

30 MPa Lee et al61

Human retinal pigment epithelium 
cells RPE In vivo; 5-150 pulses

Laser ablation (polyimide target) with ARF/KrF excimer 
laser;

74 MPa, max. 240 mJ
Douki et al62

HeLa cells In vitro; 360 pulses Siemens lithostar lithotripter; 
69.5 MPa Huber et al63

Human bladder tumor cells HT-
1197 In vitro pulses; 500 Dornier HM-3 lithotripter Kohri64

Human red blood cells RBC In vitro; 5 pulses
Laser ablation (polyimide/polystyrene target) with Q-

switched ArF excimer laser;
60 MPa, max. 350 mJ

Mulholland et al65

Mouse breast sarcoma cells EMT-
6 and human red blood cells RBC In vitro

Laser ablation (polyimide target) with ArF excimer laser 
and Q-switched ruby laser (polystyrene target)

60 MPa 
Lee et al66

Mouse tumor cells SW480 In vivo Piezo-ceramic elements;
40 MPa Kato et al67

Human endothelial cells HUVEC In vitro Nd-YAG laser (copper target)
23 MPa, max. 5.9 mJ Sondén et al68

HeLa cells In vitro ESWL, 28 MPa Ohl et al48

Table 1: Overview of studies that involved the shock wave exposure of tumor cells. Unfortunately, as can be seen from this compilation of studies, no systematic investigation of biological shock wave 
effects in different types of cell lines with a very well-defined and reproducible method ever seems to have been conducted. Also the achieved maximum pressure levels of the shock waves and their 
rise times were not measured in all of the studies.
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vessel. In both cases, a transfer medium (either water or grease) 
serves as the acoustic contact to the piezoelectric element. How-
ever, shock waves are known to decay very rapidly (within mi-
crometers) in liquids and tissue.70 Thus, the need for a fluid as 
contact medium may lead to wrong pressure measurements and 
it would be desirable to determine shock wave properties on a 
microscopic scale, rather than with a PVDF sensor of millimeter 
dimensions. An alternative to determining the pressure profiles 
with piezoelectric element is to use optical methods that measure 
the velocity profile of the vessel bottom while the shockwave 
passes. From this velocity profile the pressure profile in direct 
vicinity of the bottom plate can be calculated. This informatio-
nis particularly interesting when studying adherently grown cell 
cultures. Strand et al71 developed a cost efficient and compact 
high-speed velocimetry system that uses a heterodyne detection 
method.

 An optical fiber is used to transport Laser light to a 
probe that contains a lens. The light is then focused onto the 
moving surface that reflects or scatters light back into the probe 
from where it is brought to a detector. The frequency of the light 
is now Doppler-shifted because of the surface movement. At the 
detector, it is mixed with non-Doppler shifted light to generate a 
beat signal that contains the velocity information of the moving 
surface. In a recent breakthrough application, velocity profiles 
have been measured in this way and could also serve as input for 
simulations that computed the pressure fields within the whole 
vessel with high time resolution.72 In this way, the conditions that 
the cells are exposed to during the shock wave experiment can 
be characterized on the relevant length and time scales which 
are micrometers and nanoseconds. For beam diameters of a few 
millimeters, in the author’s laser lab, with an optimized experi-
mental setup, peak pressures up to approximately 120 MPa were 

Table 2: Rheological properties of a few complex systems that can be used for upscaling in multiscale modeling of cellular soft matter.

Figure 1: (a) Basic elements of the experimental setups used to study the effects of laser induced shock waves on cells.36,49-53 (b) A 
pulsed laser beam irradiates an absorbing material at the bottom of the vessel (usually a polymer) that contains the cells and their 
growth medium. At the surface of the absorber, a shock wave is formed that moves forward into the vessel. When the absorbing 
material is covered with a transparent material facing the laser, the peak pressure of the shock wave is further enhanced.53 In recent 
breakthrough experiments, Schmidt et al72 managed to optimize this setup by using standard multi well culture vessels and black 
varnish as absorber material. Pressure levels in the cells beyond 80 MPa were achieved, which is well above the pressure levels in 
all previous studies reported in literature.

System Microstructure Method of characterization Models or constitutive equation References

Polymer melts Entangled macromolecues
Dynamic moduli, via shear,  
viscosity 

Reputation theory, viscoelasticity, 
Maxwell model, Dumbbell model 

deGennes76

Doi and Edwards81

Bird82

Larson83

Elastomers Crosslinked networks of 
polymers Dynamic moduli Gel-type models, yield stresses Winter and Chambon84

Polymer solutions Dilute solutions containing 
polymer chains

Solvent viscosity and intrinsic 
viscosity 

Models for solution and polymer 
separately

Bird et al82

Gels with polymers 
or particles Network with crosslinks 

Yield stress, elasticity (below 
yield), microrheology

Percolation, fractal dimension
Flory85

deGennes76

Winter and Chambon84

Suspensions, 
emulsions, micellar 
solutions

Particles in fluids
Yield stress, viscosity,  
diffusion

Percolation, particle orientation, 
small-deformation theory, yield 
stress

Einstein86

Oldroyd87
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obtained which is considerable beyond the pressure levels of all 
previous studies discussed in literature, see Figure 2.

COMPUTATIONAL MULTISCALE MODELING OF CELLS AND 
TISSUES

Exploring the potential of shock waves for destroying or damag-
ing cancer cells possibly opens a new or complementary road 
for tumor treatment, avoiding the disadvantages of currently 
established methods for tumor treatment based on US, and us-
ing only the mechanical destructive effects of a shock wave in-
teracting with cells. By way of using the mechanical effects of 
shock waves rather than relying on heating of tissue, it seems 
possible to destroy or damage the cytoskeleton or the membrane, 
as shock waves carry much more energy in a much shorter time 
interval than US waves do. This might open new perspectives 
for cancer therapies in addition to existing treatments. The com-
plexity occurring in the interaction of shock waves with soft, 
biological matter requires a combined approach using experi-

mental and numerical methods which is exemplified in Figure 3. 
To model the mechanical properties of eukaryotic cells, a focus 
is set on the two salient features of cells that determine their 
mechanical behavior: the cytoskeleton (composed of a network 
of macromolecules) and the plasma membrane (composed of 
double lipid layers).

 Considered from a physical perspective, living organ-
isms such as eukaryotic cells or neoplasia are far more com-
plex systems than typical engineering materials such as metals, 
ceramics, polymers or semiconductors, see Figure 4. They are 
dynamic and provide integrated functions that include metabo-
lism, reproduction, growth, sensing, communication, control, 
and apoptosis (programmed cell death). 

 Different studies have established the connections be-
tween structure, mechanical responses and biological functions 
of different organs and tissues including, for example, the heart, 
lung, bone, cartilage, blood vessel, and skeletal and cardiac mus-

Figure 3: An integrated approach combining the full complexity of the real experimental system with computational 
coarse-grained (CG) models of extremely reduced complexity. In CG models, typically, only two major components 
of cells determining their mechanical properties relevant for their interaction with shock waves are considered: The 
plasma membrane and the cytoskeleton. Figure taken from Steinhauser.73

Figure 2: Optimized setup used in recent breakthrough experiments by Schmidt et al.72 (a) Ordinary multiwell cell 
culture plates were used (positioned here on an optical table) and U87 glioblastoma cells were grown adherently 
on the bottom of the individual wells. The achieved pressure levels were measured directly in the wells by means of 
PVDF hydrophones with nanosecond time resolution. (b) By using black varnish as absorber material, it was pos-
sible to reach pressure levels in the cells beyond 100 MPa which is well above the pressure levels achieved in all 
previous studies reported in literature. For U87 glioblastoma, it was found that a biological destructive effect occurs 
above 80 MPa, which is a pressure level well above the ones achieved in all previous experimental studies reported 
in literature, cf. Table 1. One great advantage of the setup shown here, is its reproducibility in both, the pressure level 
measurement by using very well-defined single laser pulses per well and the level of destruction in the cells which 
was verified by cell counting and a long term MTA-analysis over several days, i.e. over several cell cycles with nega-
tive results (i.e. no destruction) in the untreated controls.
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cles.74 These studies have led to better diagnosis and treatment 
of orthopaedic, cardiovascular and respiratory diseases by pro-
viding a greater understanding of how the biological functions 
of the body are related to bio-solid and bio-fluid mechanics. To 
decipher the fundamental mechanisms of biological materials, 
however, more systematic studies of deformation, structural dy-
namics and mechanochemical transduction in living cells and 
biomolecules are needed. The mechanics of biological mol-
ecules, including proteins and nucleic acids, is crucial to under-
standing the connection between structure and function in cellu-
lar and tissue mechanics. Still in its infancy, this emerging field 
of bio-mechanics strives to understand the deformation and me-
chanics of macroscopic tissue structures based on the deforma-
tion and mechanics of bimolecular. A recent summary of current 
multi scale simulation approaches for bridging the scales from 
sub-cellular components to tissue is provided in a recent review 
by Steinhauser.73

MECHANICAL PROPERTIES OF COMPLEX MATERIAL  
SYSTEMS

Upscaling of atomistic and microscopic simulation approaches 
of the kind as displayed in Figure 5, is one way of trying to un-
derstand the basics of shock wave effects on soft matter systems 
such as cells and living tissue.75 There are a number of complex 
microscopic systems, which are relevant to the study of animal 
or human cells, and which form the basis of any physical, and 
mathematical-numerical modeling, since the systems we are in-
terested in build a complex system made of polymer melts and 
solutions, suspensions, gels and micelle systems. The micro-
structure of these systems is very important for the elaboration 
of constitutive equations on a coarse-grained, phenomenological 
level. 

 In Table 2, we review and summarize some of the key 
rheological properties of a few of these systems. For example, 

polymers are viscoelastic and may become viscoplastic in some 
cases when they form a gel (polymer network). They are present 
in a cell in the form of proteins and play a fundamental role for 
many cell functions and cell-cell interactions. The basic micro-
structure of a polymer network consists of chains intermingled 
with each other (entanglements) with a few weak reticulation 
points, as well as loops or dangling ends.76 Gel materials are 
interesting systems, because the cell cytoplasm may be regarded 
as a gel. Elastomers are slightly different and may be considered 
as viscoelastic solids, in particular, because they cannot flow at 
very low shear rates. This is mainly due to strong links (covalent 
sometimes) associating polymer chains thus creating a network 
which behaves elastically over a wide range of shear rates.

 On the nanoscale, their microstructure looks something 
like a regular net. As the frequency is increased, they undergo a 
glassy transition where moduli G' and G'' behave as ωn, where  
n is an exponent whose value is close to 0.6. Polymer solutions 
are solutions containing polymers in a solvent and do not exhibit 
entanglements in this regime. They may be considered to have 
two components, one being the solvent (which is viscous with 
constant viscosity η) and the other one being the polymer with 
viscoelastic properties. The field of suspensions is quite large, 
because it can describe particulate suspensions, but can also lead 
to fluid-fluid suspensions called emulsions, and all kinds of sys-
tems including deformable objects in a fluid. For example, blood 
is a mixture of white and red blood cells, platelets and other 
constituents included in the plasma.

 Most of the biological cells are 1-100 microns in size, 
and they comprise many constituents, Figure 5. The cell is cov-
ered by a phospholipid bilayer membrane reinforced with pro-
tein molecules, and the interior of the cell includes a liquid phase 
(cytosol), a nucleus, the cytoskeleton consisting of networks of 
microtubules, act in and intermediate filaments, organelles of 
different sizes and shapes, and other proteins, Figure 5. The re-

Figure 4: Multistage aspects of different classes of engineering and organic materials, i.e. of 
condensed matter. Living organisms involve many different features on different length and 
time scales. Both, engineering materials and living matter are made from the same constitu-
ents, i.e. atoms being held together by chemical bonds. Figure taken from Steinhauser.77
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sistance of single cells to elastic deformation, as quantified by an 
effective elastic modulus, ranges from 102 to 105 Pa, see Figure 
6, which is orders of magnitude smaller than that of metals, ce-
ramics and polymers. The deformability of cells is determined 
largely by the cytoskeleton, whose rigidity is influenced by the 
mechanical and chemical environments including cell-cell and 
cell-Extracellular Matrix (ECM) interactions.

 If the elastic, visco-plastic properties of the basic 
constituents of cells and tissue are known, there is a variety of 
techniques to produce constitutive equations for a macroscopic 
description, such as ensemble averaging,88,89 mathematical ho-
mogenization,90 effective medium theory,91 or temerity models 
which are based on the idea to model deformable structures by 
using sticks and strings under tension.92-97

 It was shown that this approach is particularly well 
adapted for the description of eukaryotic biological cells.98 
However, the previously listed techniques are usually not able to 
account for specific interactions between cells, their individual, 
specific behavior or the active response of cells to external stim-
uli. 

 Another, more direct way of modeling shock wave ef-
fects in tissue and cells is to use macroscopic models based on 
continuum theory rather than upscaling basic properties. Contin-
uum models, e.g. based on finite elements meshes neglect almost 
all details of the discrete nature of the constituents of cells and 
tissue but allow for a macroscopic simulation of deformation 
upon exposure to shock waves. The quality of these type of sim-
ulations however, is very strongly depending on the employed 

Figure 5: Microscopic modeling and simulation approaches for the cytoskeleton and the amphi-
philic plasma membrane of eukaryotic cells.(a) Image of a mouse NIH3T3 fibroblast cell, fixed and 
stained for DNA (blue) and the major cytoskeleton filaments act in (red) andalpha-tubulin (green). 
Figure reproduced with permission from Suresh et al.4 (b) Modeling approach for the cytoskeleton 
as a meshed network of polymers. Simulation snapshot generated in the Steinhauser-lab with the 
molecular dynamics software-suite MD-CUBE,78 showing a stretched three-dimensional polymer 
network.79 Color code indicates forces in the bonds of the polymers with red: very large force just 
before bond failure, and green: force-free bonds. (c) A simulation of the self-assembly of a three-
particle amphiphilic lipid model (hydrophilic part of the lipid: red, hydrophobic part: yellow) where 
the lipids self-assemble to form bilayers. Subsequently, these equilibrated bilayers are exposed to 
strong shock waves.81 Simulation snapshot adopted from Schindler et al.80

Figure 6: Approximate range of values for the elastic modulus of biological cells and compari-
sons with those of engineering metals, ceramics and polymers.
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phenomenological material model and additional complexity is 
to be considered here, because of the local heterogeneity of tis-
sue and a general lack of experimental measurements in vivo. 
Generally speaking, it is at least questionable, whether experi-
mental in vitro studies of tissue behavior have real physiological 
relevance.

MECHANICAL PROPERTIES OF SOFT BIOLOGICAL TISSUES

For many years, researchers have devoted their attention to the 
study of animal tissues, and important issues have been raised. 
Finding constitutive relations for such media is not simple, be-
cause tissues can behave as elastic, plastic, viscoelastic or vis-
coplastic materials. One of the most important conclusion is that 
relating the microstructure with its macroscopic nature is a fun-
damental problem which forms the basis of any continuum me-
chanics problem.83 The relevant sciences studying such aspects 
are rheology83,99,100 and biomechanics.101-104

 These two fields are actually very close to each other 
when it comes to dealing with biomaterials, and defining their 
minor differences here is not my intention. One may say that 
generally one is interested in finding relationships between the 
applied forces and the relevant deformations or flows involved 
in problems dealing with living materials. Classical models 
(1D), which can be used and can depict the cytoplasm of a cell, 
are usually viscoelastic or viscoplastic ones. 3D-viscoelastic 
models can exhibit differential forms, or integral formulations 
(sometimes equivalent). Other models like viscoplastic ones can 
also be interesting because they allow us to deal with systems 
with cross-links, somehow close to gels; in particular, polymers 
and networks play a role inside the cytoplasm, Figure 5a and 5b. 
So, at a certain level, we may assume that the size of the system 
studied  is large enough , where is the size of an element at the 
microscopic level, so that the system exhibits a macroscopic, 
averaged behavior and can be described using a constitutive re-
lation as it is done in typical, empirical engineering approaches 
for material modeling.
Generally speaking, material models have to include the follow-
ing material behavior (listed in increasing order of complexity):

1. Linear elasticity.
2. Hyperelasticity.
3. Hyperviscoelasticity.

 Many computational approaches only include hyper-
elasticity. The general description from which such models start, 
is the Ogden hyperelastic material model105 which assumes the 
existence of a strain energy function  in the form:

( )1 2 31
3p p pn p

p
p

E α α αµ
λ λ λ

α=
= + + −∑

 where p
i
αλ are the principal stretches, n and αp are mate-

rial constants, and μp denotes the shear modulus of the material 

in the undeformed state. We note that the often used Mooney-
Rivlin material model,106,107 which assumes that  can be written 
as the sum of two invariants, is contained in the above formula 
as a special case.

 Therapeutic technologies such as focused US and shock 
wave treatment, have an extremely localized area of therapeutic 
effect and therefore have to be applied directly over specific lo-
cation of anatomic/functional abnormality, precisely in relation 
to the current (i.e. intra-operative) patient’s anatomy. As surgi-
cal intervention tends to distort the pre-operative anatomy and 
often leads to misalignment between the actual position of pa-
thology and its position determined from pre-operative images, 
an image-guided surgery requires intra-operative images and/or 
update of the pre-operative images to the current position of the 
brain internal structures. To achieve an accurate image update, 
deformations of the abdominal organs (e.g. the brain, the liver 
or the kidneys) must be taken into account. Since the late 1990s, 
significant research effort has been directed towards the predic-
tion of such deformations using biomechanical models.108-115 
Typically, in such models, the Finite Element (FE) method116-119 
is employed to discretize and solve the related differential equa-
tions of continuum mechanics, see Figure 7. During image-
guided surgery, only low-quality, sparse information about the 
current tissue position is available.120 This information can be 
used to warp high-quality pre-operative images, such that they 
correspond to the momentary situation, by computing the defor-
mation field within the brain using a biomechanical constitutive 
model. 
 
 In a comparative study by Wittek et al114 it was shown 
that the actual choice of a specific material model hardly influ-
ences the calculated displacements of tumors. Between different 
models, the differences in displacement amounted to less than 
0.2 mm. It seems that the organ displacement is dominated by 
its weak compressibility rather than the resulting stresses. Many 
different experimental setups and different theoretical descrip-
tions are used to extract mechanical parameters from tissue mea-
surements. We end this review by listing the results of various 
such studies in Table 3. One way of comparing these different 
results is to calculate Young’s modulus based on local linear 
elasticity.

CONCLUSIONS AND FUTURE PERSPECTIVES 

As a clinical tool, within its limits of applications, HIFU is es-
tablished as a therapeutic tool. As this technique becomes more 
widely available, it should be possible to coordinate the type 
of clinical trials that will be necessary to develop the evidence 
base for the efficacy of HIFU in its various applications, whether 
alone or in combination. Real-time imaging and treatment moni-
toring are the subjects of ongoing theoretical research, and the 
development of techniques such as three-dimensional ultrasound 
and elastography which measures the change in stiffness of a tis-
sue as it is ablated, are likely to enable improvement in clinical 
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Species Technique Model Young’s modulus 
(kPa) Reference

Rabbit (in vitro) Indentation 5.6 Yamada25

Deer (in vitro) Indentation, max 20 mm Linear/nonlinear/viscoelastic 25 Schwartz et al122

Porcine (in vivo) Aspiration Hyperelastic, viscoelastic 90 Nava et al123

Procine (in vivo) Indentation, max 500 µm Linear 10-15 Ottensmeyer124

Tissue scaffold (in vitro) AFM nanoindentation 11.6 Zhu et al125

Porcine (in vivo) Indentation, max 8 mm 13 Tay et al76

Table 3: Mechanical, experimental data on the liver of several studies that may be used as input and for validation of computer simulation approaches that mimic the 
mechanical behavior of biological tissue.

outcome and to bring about a reduction in treatment duration. In 
addition, focused ultrasound has been proposed as a vehicle for 
delivering targeted gene therapy through inducing cavitation of 
DNA-laden micro bubble contrast agents in the periphery of the 
zone of ablation, where temperature rises would be sublethal, 
but these remain secondary considerations to the direct ablative 
treatment intent at present.

 The experimental observation that shock waves are able 
to destroy cells in vitro and to delay tumor growth in vivo moti-
vates further studies of the responsible mechanisms. The author 
believes that characterization of shock wave impact on the cel-
lular level is necessary to understand these processes more sys-
tematically. Laser-induced methods for shock wave generation 
have proven to be reproducible on the macroscopic level and to 
avoid lithotripter related side-effects such as heating and cavita-
tion. Newly developed optical methods together with multiscale 
modeling approaches can give insights on the precise conditions 
that the cells are exposed to during shock wave impact. The 
knowledge of these conditions is a prerequisite to find and may-
be control selective effects oncells. The diverse behavior shown 
by different cellular strains poses the need to find quantities that 

relate cellular properties with shock wave induced killing. Thus, 
in parallel to shockwave experiments on different cell lines, spe-
cific quantities have to be found that relate cellular properties 
with shockwave impact. Of course, mechanical properties re-
lated to the cytoskeleton serve as a first promising candidate and 
may by determined with combined cell-mechanical and fluores-
cent microscopic observations. In addition to the experiments 
on cells, another possible application of shock waves emerges 
from current biological findings that relate tumorous growth to 
mechanical properties of tissue. It has long been known that tu-
mors are more stiff than healthy tissue. This fact is even used to 
detect mammary cancer, for example by palpation or elastogra-
phy of rigid tissue structures. The mechanical properties of tis-
sues are mostly influenced by the ECM, which mainly consists 
of collagen. These molecules are produced inside the cells and 
delivered to the ECM where they form polymeric structures that 
serve as scaffolds for the cells. When healthy tissue turns into a 
tumor, the polymeric structure of collagen fibrils is significantly 
altered, causing a stiffening of the ECM.81 Cells possess mecha-
noreceptors that detect physical forces and transform them into 
biochemical signals.82 Thus, cells are able to both sense and alter 
the mechanical properties of the ECM.83 Interestingly, the bio-

Figure 7: FE applications for modeling the deformation of tissue as a reaction to be-
ing exposed to shock waves. (a) FE model of specific meshes of a left hemisphere 
of a human brain including ventricles and tumor (red). The entire mesh comprises of 
16,925 nodes, 15,031 hexahedral (8-noded bricks) and 19 pentahedral elements. The 
elements’ characteristic length varied between 0.6 and 6 mm. (b) From left to right: 
Typical kidney injuries after an ESWL treatment observed on an adult pig kidney,121 and 
the computed field of irreversible volumetric expansion in an exterior view. Meridional 
section of a anatomically correct finite element mesh of the kidney. The photograph il-
lustrates how difficult it is to generally quantify the amount of tissue injury. 
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chemical signaling pathway of the mechano-sensing apparatus 
cross-talks with major pathways that control cell proliferation 
and it was shown that tissue stiffness promotes cancerous cell 
growth.84 In this way, ECM stiffening and tumor growth form 
a positive feedback loop that enhances the risk of tumor forma-
tion.82 On the other hand, these current findings may open new 
possibilities of cancer therapy basing on mechanical methods, 
i.e. based on the physics of cancer rather than or in addition to 
pharmaceutical treatments. One of these interesting possibilities 
of shock waves therapy based on mechanical effects alone, is 
its potential to be used for gene transfection and molecular drug 
delivery, which involves interesting physical chemistry research 
concerning the structure of molecules to be used as drug carri-
ers.85

 Within the biological sciences, cancer is highlighting 
the need for interdisciplinary research. There is a growing re-
alization that cancer is a problem requiring input from a wider 
community of scientists, i.e. physicists, mathematicians and 
computer engineers. This is reflected in increasing interdisci-
plinary collaborations around the world, involving biologists, 
clinicians, physicists, mathematicians and computer scientists, 
which aim to give new insights into cancer and improvements in 
its treatment.

 In a fashion quite analogous to studies of mechanics 
of engineering materials, the emerging field of cell and mo-
lecular mechanics of biological materials seeks to establish 
essential linkages between microscopic structure and macro-
scopic mechanical properties. New multiscale computational 
approaches have emerged in recent years, coupling e.g. atomis-
tic scale simulations with the macroscopic domain as reviewed 
in Steinhauser76 and also new numerical approaches combining 
coarse-grained macromolecular models of bio-molecules with 
shock wave physics emerged.84 Although methods have been 
developed to measure cell responses during deformation, cel-
ladhesion, locomotion and mitosis, reliable experimental tools 
are currently unavailable for quantifying the distribution of me-
chanical forces between various subcellular structures as well as 
on individual proteins and nucleic acids inside a cell.

 In summary, progress in experimental and compu-
tational biology and biomechanics during the past decade has 
provided unprecedented opportunities to probe the mechanical 
responses of cells, proteins and DNA molecules. How the forces 
and deformations associated with these basic structural units of 
life can be described by physical models, engineered by chem-
istry and implemented in computer programs, is a topic of sub-
stantial scientific excitement and interdisciplinary opportunity.
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