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Abstract
Purpose The present study aimed to explore the value of DCE-MRI to evaluate the early efficacy of CyberKnife stereotactic 
radiosurgery in patients with symptomatic vertebral hemangioma (SVH).
Methods A retrospective analysis of patients with spinal SVH who underwent CyberKnife stereotactic radiosurgery from 
January 2017 to August 2019 was performed. All patients underwent DCE-MRI before treatment and three months after 
treatment. The parameters included volume transfer constant  (Ktrans), transfer rate constant  (Kep), and extravascular extracel-
lular space volume fraction  (Ve).
Results A total of 11 patients (11 lesions) were included. After treatment, six patients (54.5%) had a partial response, five 
patients (45.4%) had stable disease, and three patients (27.3%) presented with reossification.  Ktrans and  Kep decreased sig-
nificantly in the third month after treatment (p = 0.003 and p = 0.026, respectively). ΔKtrans was −46.23% (range, −87.37 to 
−23.78%), and ΔKep was −36.18% (range, −85.62 to 94.40%). The change in  Ve was not statistically significant (p = 0.213), 
and ΔVe was −28.01% (range, −58.24 to 54.76%).
Conclusion DCE-MRI parameters  Ktrans and  Kep change significantly after CyberKnife stereotactic radiosurgery for SVH. 
Thus, DCE-MRI may be of value in determining the early efficacy of CyberKnife stereotactic radiosurgery.
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Abbreviations
VH  Vertebral hemangioma
SVH  Symptomatic vertebral hemangioma
SRS  Stereotactic radiosurgery

CR  Complete response
PR  Partial response
PD  Progressive disease
SD  Stable disease
Ktrans  Volume transfer constant
Kep  Transfer rate constant
Ve  Extravascular extracellular space volume fraction
ICC  Intraclass correlation coefficient
EES  Extravascular extracellular space

Introduction

Vertebral hemangioma (VH) is the most common benign 
spinal tumor with an incidence of approximately 11% in 
adults during autopsy [1]. Most cases of VH are asympto-
matic, so VH is usually identified accidentally during imag-
ing examinations. In a small number of patients, VH is iden-
tified because of local pain or symptoms and signs of nerve 
root or spinal cord compression. Approximately 0.9–1.2% 
of patients with VH present with clinical symptoms [2]. 
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Symptomatic VH (SVH) can be treated with vertebrectomy, 
laminectomy, vertebroplasty, endovascular embolization, 
or radiotherapy [3–5]. The choice of treatment depends on 
the patient’s specific condition and the severity of clinical 
symptoms.

Stereotactic radiosurgery (SRS) is guided by images to 
form a steep dose gradient around the target area to achieve 
ablative doses and apply highly conformal radiosurgery to 
the lesion. This approach protects surrounding healthy tis-
sues [6]. As a platform for SRS, CyberKnife can be used to 
safely and effectively treat SVH [7].

Radiotherapy destroys the SVH vasculature and causes 
vascular fibrosis, but SVHs that have been successfully 
treated with radiotherapy do not change significantly when 
assessed using traditional imaging methods. Specifically, 
Sakata et al. [8] showed that SVHs did not change signifi-
cantly after radiotherapy when imaged with CT and plain 
scan and enhanced MRI, even five years after radiotherapy. 
Therefore, the efficacy of imaging to evaluate SVHs after 
radiotherapy is a clinical difficulty.

The microcirculatory changes that occur to the lesion 
after radiotherapy often occur earlier than general mor-
phological changes that can be observed by imaging. 
DCE-MRI can noninvasively provide vascular and hemo-
dynamic tumor information in vivo, and it can also be used 
to quantify parameters using the bicompartmental phar-
macokinetic model. Otake et al. [9] found that compared 
with T1-weighted imaging, DCE-MRI can more sensitively 
detect microcirculatory changes in the bone marrow of the 
lumbosacral spine after radiotherapy. Therefore, in theory, 
DCE-MRI has good efficacy for evaluating SVH after radio-
surgery; however, no research has been performed to confirm 
this.

This study retrospectively analyzed the changes in SVH 
DCE-MRI parameters in patients after CyberKnife SRS 
combined with changes in patients’ clinical symptoms and 
conventional imaging examination results. We hypothesize 
that DCE-MRI parameters can be used to evaluate the early 
efficacy after CyberKnife SRS in patients with SVH.

Materials and methods

Subjects

A retrospective analysis of the case data of patients with spi-
nal SVH who were treated with CyberKnife SRS from Janu-
ary 2017 to August 2019 was performed. This retrospective 
study was approved by our institutional ethics committees, 
with waiver of informed consent granted.

The inclusion criteria were as follows: (1) diagnosis of 
SVH by pathological biopsy or imaging examination and 
(2) DCE-MRI examination within 1 week before undergoing 

CyberKnife SRS and 3 months after treatment. The exclu-
sion criteria were as follows: (1) the lesion area that had 
been subject to surgical resection or radiotherapy before 
CyberKnife SRS; (2) poor image quality; (3) lesions that 
could not be evaluated using the revised RECIST, version 
1.1; and (4) patient lost to follow-up. Patient information 
was collected, including age, sex, medical history, lesion 
location, and clinical symptoms.

Therapeutic plan and efficacy evaluation

Lesions in the thoracic spine or inferior to the thoracic 
spine were fixed using the BodyFIX® System (Elekta), 
and lesions in the cervical spine were fixed with a custom-
ized thermoplastic mask. The radiotherapist performed an 
image simulation and target delineation at the CyberKnife 
System workstation, and the physicist designed the treatment 
plan using the Multiplan System planning system. X-sight 
Spine was used to track the lesion. The treatment plan was 
determined comprehensively based on the tumor location, 
size, and the tolerable dose of adjacent organs. The prescrip-
tion dose was 30–35 Gy (5 fractions). The imaging efficacy 
evaluation was based on RECIST, version 1.1 [10]. RECIST 
divided the lesions into four groups: complete response 
(CR), partial response (PR), progressive disease (PD), and 
stable disease (SD).

DCE‑MRI acquisition and analysis

Scanning was performed using the 3.0-T GE  Discovery™ 
MR750 (GE Healthcare) and eight-channel phased array 
coils. Conventional MRI sequences included sagittal 
T1-weighted imaging, transverse T2-weighted imaging, 
sagittal T2-weighted imaging, and sagittal fat suppression 
T2-weighted imaging.

When a lesion was identified by conventional MRI, DCE-
MRI was performed using the three-dimensional volume-
interpolated breath-hold examination sequence in the trans-
verse plane to further examine that region. The parameters 
were as follows: repetition time, 3.9 ms; echo time, 1.7 ms; 
flip angle, 10°; acquisition matrix, 256 × 160; field of view, 
280 × 140 mm; and slice thickness, 2 mm. Thirty-six phases 
were collected with a temporal resolution of 6 s; the process 
continued for 216 s. Gadolinium–diethylenetriamine pen-
taacetic acid contrast agent was injected through an Ulrich 
medical power injector at a flow rate of 2 ml/s at a dose of 
0.1 mmol/kg, and then, 20 ml of physiological saline was 
injected at the same flow rate.

GenIQ software (GE Medical Systems) was used to meas-
ure the data. Based on the extended Tofts model, the param-
eters included: (1) volume transfer constant  (Ktrans); (2) transfer 
rate constant  (Kep); and (3) extravascular extracellular space 
volume fraction  (Ve) [11]. Changes to DCE-MRI parameters 
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before treatment compared with the third month after treat-
ment were defined as ΔKtrans, ΔKep, and ΔVe according to the 
following equation:

ROI were delineated at the transverse enhanced 
T1-weighted image, and the solid components of the tumor 
were included as much as possible. The analysis was per-
formed independently by two radiologists (EZ and HY) with 
more than 5 years of experience, and the average value of each 
parameter was taken as the final measurement result.

Statistical analysis

Patients’ clinical information, DCE-MRI parameters, and 
endpoints were statistically described using mean, median, 
standard deviation, and percentage. Data that conformed to a 
normal distribution are presented as mean ± standard devia-
tion, and data that did not conform to a normal distribution 
are presented as median and range. The intraclass correlation 
coefficient (ICC) was used to analyze the agreement between 
the two physicians. The differences in DCE-MRI parameters 
before and after radiosurgery were analyzed using the Wil-
coxon signed-rank test. p values of <0.05 were considered 
statistically significant. SPSS 24.0 software (IBM Corpora-
tion) was used for statistical analysis.

Results

Patients

Eleven of the 17 patients met the inclusion criteria and were 
included, with a total of 11 lesions. Five patients were excluded 
due to surgical resection or radiotherapy before CyberKnife 
SRS. One was lost to follow-up and was excluded from analy-
ses. Of the 11 included patients, five were male and six were 
female with an average age of 40.8 ± 14.6 years. Nine patients 
were diagnosed with SVH by biopsy, and two patients were 
diagnosed by imaging examination. The median follow-up 
duration was 10.5 months (range, 7.3–28.0 months), and the 
mean follow-up duration was 13.4 months. Two lesions were 
located in the cervical spine, seven lesions were located in 
the thoracic spine, and two lesions were located in the lumbar 
spine. All 11 patients showed symptoms of local pain before 
treatment, and one patient showed neurological symptoms 
caused by spinal canal stenosis. Basic information of patients 
is shown in Table 1.

Changes in images and symptoms after treatment

After treatment, there were six patients in the PR group 
(54.5%, Fig. 1), five patients in the SD group (45.4%, Fig. 2), 

([

pretreatment − post − treatment
]

÷ pretreatment
)

× 100%.

zero patients in the PD group, and zero patients in the CR 
group. Three patients (27.3%) presented with reossifica-
tion (Fig. 2j). Six patients (54.5%) experienced damage to 
surrounding tissues caused by radiation (Fig. 2i). After 
treatment, 11 patients experienced different degrees of 
pain relief, and one patient’s neurological symptoms were 
alleviated.

Changes in DCE‑MRI parameters after treatment

The two radiologists’ observations were consistent, with 
an ICC of >0.75.  Ktrans and  Kep in the third month after 
treatment decreased significantly (p = 0.003 and p = 0.026, 
respectively). ΔKtrans was −46.23% (range, −87.37 to 
−23.78%), and ΔKep was −36.18% (−85.62 to 94.40%). 
 Ktrans decreased after all lesions were treated, and the accu-
racy of determining pain relief was 100%.  Kep decreased in 
nine patients (81.8%). Representative cases are shown in 
Figs. 1 and 2. The change in  Ve was not statistically signifi-
cant (p = 0.213), and ΔVe was −28.01% (−58.24 to 54.76%). 
 Ve decreased in six patients (54.5%). Detailed DCE-MRI 
parameters are shown in Table 2.

Discussion

As a safe and effective treatment, radiotherapy can be used 
alone or in combination with other treatments [4]. Previ-
ous studies have confirmed that traditional radiotherapy can 
effectively relieve pain in patients with SVH, and the rate of 
pain relief ranges from 78.4 to 100% [4, 12, 13]. Although 
radiotherapy can significantly alleviate the clinical symp-
toms of patients with SVH, there are often no significant 

Table 1  Basic patient information

Basic information Number (percentage)

Age 40.8 ± 14.6
Gender
Male 5 (45.5%)
Female 6 (54.5%)
Location
Cervical vertebra 2 (18.2%)
Thoracic vertebra 7 (63.6%)
Lumbar vertebra 2 (18.2%)
Sacral vertebra 0 (0%)
Symptoms
Pain 11 (100%)
Neurological sign 1 (9.1%)
Diagnosis
Aspiration biopsy 9 (81.8%)
Imaging examination 2 (18.2%)
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changes in SVH imaging observations after treatment, even 
as long as 5 years after treatment [8]. In a case series by 
Parekh et al. [5], ten SVH lesions did not shrink after being 
subject to radiotherapy. Heyd et al. [4] reported that most 
lesions did not show significant changes in imaging char-
acteristics after treatment, and only a small proportion of 
lesions (approximately 26.2%) demonstrated reossification 
during long-term follow-up. For this reason, finding a non-
invasive method for early detection of treatment outcome 
is crucial.

CyberKnife SRS may have a better therapeutic effect [14]. 
Zhang et al. [7] reported the use of CyberKnife SRS to treat 
five patients with SVH. Four patients experienced relief of 
clinical symptoms (80%), and two patients demonstrated a 
reduction in lesion size (40%). Gaviolli et al. [14] also con-
firmed that CyberKnife SRS is a safe and feasible treatment 
for SVH. In our study, we found that six lesions had PR 
(54.5%) during follow-up, and three lesions presented with 
reossification (27.3%).

Radiotherapy may cause tissue damage, which needs to 
be differentiated from tumor recurrence [15]. In our study, 
six patients (54.5%) presented with radiation injury, includ-
ing radiation-induced osteitis, osteoradionecrosis (Fig. 2i), 
and soft tissue radiation injury (Fig. 1g), which manifested 
as increased enhancement in normal tissue outside of the 
lesion area, but without a soft tissue mass signal.

The changes after treatment are not obvious during 
traditional imaging examinations, but it can manifest as a 
decrease in contrast enhancement after treatment and as 
non-enhancing foci inside the lesion (Figs. 1b and 2b) [16]. 
Otake[9] suggested that the reduction in enhancement after 
radiotherapy represents occlusion or fibrosis of capillaries 
in tumor tissue. A sclerotic rim and reossification appeared 
in some lesions after treatment in the present study (Fig. 2j), 
which may suggest that treatment was effective. Some 
researchers believe that osteolytic metastatic lesions have a 
sclerotic rim and reossification after radiotherapy, suggest-
ing that it is an effective treatment [17, 18].

DCE-MRI can provide noninvasive, real-time hemody-
namic information about tumors in vivo and can make up for 
the shortcomings of traditional imaging methods. At present, 
studies have used DCE-MRI to evaluate the efficacy of radi-
otherapy for the treatment of breast cancer, chordoma, and 
cervical cancer [19–21]. DCE-MRI uses a bicompartmen-
tal pharmacokinetic model for quantitative analysis, which 
assumes that the contrast agent only exists in the intravas-
cular space or the extravascular extracellular space (EES) 
[11]. Common parameters include  Ktrans,  Kep, and  Ve.  Ktrans 
reflects the transfer constant of the contrast agent from the 
vascular space to the EES,  Kep reflects the transfer constant 
of the contrast agent from the EES to the vascular space, and 
 Ve reflects the volume of the EES [22].

Fig. 1  T12 vertebral hemangioma. a Pretreatment axial T1-weighted 
enhanced MRI showed obvious lesion enhancement in the vertebral 
body and the right appendix with a surrounding soft tissue mass. b In 
the third month after treatment, axial enhanced MRI showed that the 
lesion was slightly smaller than before, and enhancement was inho-
mogeneous with non-enhancing foci. c With pretreatment pseudo-
color imaging,  Ktrans was 1.869   min − 1. d With pseudo-color imag-
ing in the third month after treatment,  Ktrans was 0.236  min − 1. Thus, 
compared with pretreatment imaging,  Ktrans decreased by 87.37%. 
e With pretreatment pseudo-color imaging,  Kep was 3.907   min − 1. f 
With pseudo-color imaging in the third month after treatment,  Kep 
was 0.562   min − 1. Thus,  Kep decreased by 85.62%. g In the 15th 
month after treatment, axial T1-weighted enhanced MRI showed that 
the lesion size was further reduced, the surrounding soft tissue mass 
had almost disappeared, the right erector spinae showed radiation 
damage, and local muscles were atrophied with obvious enhancement
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In our study, after SVHs were subject to CyberKnife SRS, 
 Ktrans and  Kep decreased significantly by 46.23% and 36.18%, 
respectively, while the change in  Ve was not statistically sig-
nificant. The value of  Ktrans is affected by vascular perme-
ability, blood perfusion, and vascular surface area, while 
 Kep is calculated by  Ktrans ÷  Ve [11, 23].  Ktrans and  Kep are 
closely related to the state of the tumor microcirculation and 
angiogenesis. Compared with normal blood vessels, tumor 
blood vessels have higher permeability and perfusion, which 
equates to higher  Ktrans and  Kep values [24]. Radiotherapy 
causes destruction to the abnormal blood vessel structure of 
the tumor, which manifests as a decrease in  Ktrans and  Kep.

Ve is the volume of EES per unit volume of tissue. In 
theory, the blood vessels in tumor tissue are destroyed after 
radiotherapy, and the volume of the intravascular space 
decreases. Therefore, the EES volume increases, leading to 
an increase in  Ve. However,  Ve is a parameter with a com-
prehensive impact factor, and it is also affected by blood 
perfusion. When tumor blood vessels are destroyed after 
radiotherapy, tumor blood flow decreases, and the amount of 
contrast agent entering the EES also decreases, resulting in 
a decrease in  Ve [24]. Therefore,  Ve is not a stable indicator.

DCE-MRI is a widely used imaging method used to 
reflect the tumor microcirculation and blood perfusion, and 
it can provide more information compared with traditional 
imaging methods. Few previous studies have applied DCE-
MRI to VHs, and only one study used DCE-MRI to differen-
tiate between atypical VHs and spinal metastases [25]. This 
study is the first to use DCE-MRI to explore the changes in 
SVHs after radiotherapy.

Our study has certain limitations that should be high-
lighted. First, the number of cases was limited; the sample 
size was small, and no cases progressed. Therefore, it was 
impossible to group the lesions to compare the differences 
in DCE-MRI parameters between the two populations. 

Second, not all patients were diagnosed by pathological 
biopsy; rather, some patients were diagnosed using typi-
cal imaging modalities. Third, the follow-up duration was 
relatively short, with an average follow-up duration of 
13.4 months. The long-term prognosis of patients requires 
further follow-up observation. Fourth, in our study 

Fig. 2  L2 vertebral hemangioma. a Pretreatment axial enhanced 
MRI showed obvious lesion enhancement in the vertebral body. b 
In the third month after treatment, axial enhanced MRI showed no 
obvious changes in lesion size, and the enhancement was inhomo-
geneous with non-enhancing foci. c Pretreatment axial CT imag-
ing. d Axial CT imaging at the third month after treatment showed 
no obvious changes in the lesion. e With pretreatment pseudo-color 
imaging,  Ktrans was 0.249   min − 1. f With pseudo-color imaging in 
the third month after treatment,  Ktrans was 0.   min − 1. Thus,  Ktrans 
decreased by 39.36%. g With pretreatment pseudo-color imaging,  Kep 
was 0.807   min − 1. h With pseudo-color imaging in the third month 
after treatment,  Kep was 0.618   min-1, and  Kep decreased by 23.42%. 
i Twenty months after treatment, axial T1-weighted enhanced MRI 
showed that the size of the lesion was not significantly different. The 
range of the low enhancement area was larger than it was previously, 
a hypointense sclerotic rim was visible around the lesion, and radia-
tion-induced osteitis and osteoradionecrosis appeared. j At the 20th 
month after treatment, there was no obvious change in lesion size 
when examined by axial CT, and a sclerotic rim and reossification 
were apparent

▸
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DCE-MRI was only performed before and 3 months after 
treatment. The value of DCE-MRI in evaluating long-term 
efficacy after CyberKnife SRS deserves further research.

Despite some shortcomings, our preliminary attempt 
to use DCE-MRI to assess the blood perfusion of SVHs 
provided some valuable results. We conclude that DCE-
MRI, as the best noninvasive examination method to reflect 
tissue hemodynamic information, has good application 
value in determining early changes in blood perfusion after 
CyberKnife SRS in patients with SVH. The DCE-MRI 
parameters  Ktrans and  Kep decrease significantly at early stage 
after treatment. This approach can compensate for the limi-
tations of conventional MRI in evaluating early therapeutic 
efficacy, especially when changes in tumor morphology are 
not obvious after treatment. Our study provides valuable 
information that could inform future clinical practice and 
guide doctors in developing and planning treatment options.
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