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Abstract

Aims: Following stereotactic radiosurgery (SRS), brain metastases initially increase in size in up to a third of cases, suggesting treatment failure. Current imaging
using structural magnetic resonance imaging (MRI) cannot differentiate between tumour recurrence and SRS-induced changes, creating difficulties with patient
management. Combining multiparametric MRI techniques, which assess tissue physiological and metabolic information, has shown promise in answering this
clinical question.
Materials and methods: Multiparametric MRI techniques, including spectroscopy, diffusion and perfusion imaging, were used for the differentiation of
radiation-related changes and tumour recurrence after SRS for intracranial metastases in six cases. All patients presented with enlargement of the treated lesion,
an increase in perilesional brain oedema and aggravation or appearance of neurological signs and symptoms from 7 to 29 weeks after primary treatment.
Results:Multiparametric imaging helped to differentiate features of tumour progression (n ¼ 4) from radiation-related changes (n ¼ 2). A low apparent diffusion
coefficient (ADC) <1000 � 10�6 mm2/s, high relative cerebral blood volume (rCBV) ratio > 2.1, high choline:creatine (Cho:Cr) ratio > 1.8 suggested tumour
recurrence. A high ADC > 1000 � 10�6 mm2/s, low rCBV ratio < 2.1, Cho:Cr ratio < 1.8 suggested SRS-induced radiation changes. Multiparametric MRI diagnosis
was confirmed by histology or radiological and clinical follow-up.
Conclusion: Multiparametric MRI was helpful in the early identification of radiation-related changes and tumour recurrence and may be useful for monitoring
treatment changes in intracranial neoplasms after SRS treatment.
� 2018 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.
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Introduction

Stereotactic radiosurgery (SRS) is now a widely accepted
treatment modality for selected brain metastases with
favourable prognosis [1,2]. Improvements in systemic con-
trol, concerns with whole brain radiotherapy-associated
neurotoxicity [2,3] and increased sensitivity imaging are
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contributing to greater use of SRS for brain metastases.
However, difficulty exists in terms of how best to assess the
subsequent imaging changes of SRS-treated brain metas-
tases. This includes the modality and frequency of assess-
ment, method of measurement, magnitude of change that
defines response or progression and differentiation be-
tween tumour-related and treatment-related changes [4].

In a series of 500 brain metastases treated with SRS, Patel
et al. [5] reported that one-third of the lesions had a transient
size increase after treatment, starting as early as 6weeks, and
could be observed up to 15 months post-SRS. It is estimated
that between 30 and 75% of radiographically enlarging SRS-
treated brain metastases are due to radiation-related
All rights reserved.
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changes alone [6e11]. Given that early volume expansion
may be relatively common, the value of short interval imag-
ing and a 3 month response assessment, as carried out in
many early phase studies, is called into question.

Current imaging using structural magnetic resonance
imaging (MRI), which relies on contrast enhancement
pattern changes and alterations in T2/fluid-attenuated
inversion recovery (FLAIR) weighting, is insufficient and
cannot differentiate local tumour recurrence from SRS-
induced changes [4]. As such, more advanced MRI
methods that can monitor physiological and metabolic
properties of tumour are being used and investigated to
address this question. These include diffusion-weighted
imaging (DWI), perfusion-weighted imaging (PWI) and
magnetic resonance spectroscopy (MRS). The parameters of
interest considered here are apparent diffusion coefficient
(ADC), relative cerebral blood volume (rCBV) and the rela-
tive metabolite levels, particularly the choline to creatine
ratio (Cho:Cr) from MRS.

There are data supporting the utility of each of these
methods [6,7,9,11], although limitations remain such that
no method is currently validated as yielding the definitive
MRI parameter of choice to distinguish between metastatic
tumour recurrence and radiation-related changes.
Combining these three methods in a multiparametric MRI
protocol may provide a higher degree of confidence in
gauging brain metastases response post-SRS. Through pre-
sentation of a small case series we discuss how advanced
MRI techniques may be able to aid with response assess-
ment after SRS for brain metastases, with a review of the
literature.
Materials and Methods

A retrospective reviewwas carried out of six patients with
brain metastases enlarging at a relatively early time point
after SRS, assessed with multiparametric MRI (Table 1). The
use ofmultiparametric MRIwas restricted to caseswith early
post-SRS enlargement and uncertainty at the multidisci-
plinary teammeeting regarding progression versus post-SRS
change. The inclusion criteria comprised of the criteria for
commissioning for SRS in the UK: selection of patients by the
multidisciplinary team with an understanding of systemic
Table 1
Patient and stereotactic radiosurgery (SRS) treatment information

Patient Primary tumour
histology

Number of
lesions treated

SRS dose
(Gy)

SRS volu
(mm3)

1 Breast 1 21 2329
2 Breast 2 21 1989
3 Non-small cell lung 2 21 1521
4 Melanoma 5 21 417
5 Melanoma 1 18 4745
6 Melanoma 1 18 5846

MRI, magnetic resonance imaging.
and neurological disease processes, pre-treatment tumour
volume less than 20 cm3, Karnofsky performance status� 70
and a life expectancy expected to be greater than 6 months.

All SRS treatments were delivered using the CyberKnife�
(Accuray�, Sunnyvale, California, USA) robotic SRS platform
utilising circular field size apertures. Pre- and post-contrast
high resolution (1 mm) computed tomography scans were
carried out with the patient immobilised in a thermoplastic
beam directional head shell. Each case was contoured by a
clinical oncologist and peer approved by a neuroradiologist.
The gross tumour volume was used to define the planning
target volume without additional margin. The protocol for
the prescription dose was 15e24 Gy in a single fraction
guided by the planning target volume. The treatment was
optimised such that the surface (prescribed dose) was at
60% of the maximum dose and a minimum 98% coverage
with intended dose was required. The schedule for follow-
up MRI scans was at 3-monthly intervals while clinically
appropriate unless required earlier due to clinical reasons.
Upon radiographic evidence of enlargement of at least one
treated lesion by at least 20%, patients underwent MRI with
diffusion, perfusion and spectroscopy techniques to aid
differentiation between tumour progression versus radia-
tion changes. Multiparametric MRI examinations were
carried out to assess the enlarging lesion 7e29 weeks after
SRS in these six patients. Primary tumour histology
comprised of melanoma (n ¼ 3), breast (n ¼ 2) and non-
small cell lung (n ¼ 1). Patient 6 had a history of recent
immune checkpoint inhibition (ICI) treatment (Ipilimu-
mab), which ended 2 months before SRS, and further ICI
(Pembrolizumab) after SRS, as described in Table 1; none of
the other patients had a history of ICI. Multiparametric MRI
features were then correlated with either histopathological
or subsequent clinicoradiological findings.
Magnetic Resonance Imaging Protocol

MRI was carried out on a 3 T scanner (Magnetom Verio;
Siemens, Erlangen, Germany) with a 32-channel phased-
array head coil. Axial T2-weighted images, T2-weighted
FLAIR and DWI of the whole brain were obtained. This
was followed by dynamic susceptibility contrast-enhanced
(DSC) perfusion imaging using gradient-echo echo-planar
me Interval from SRS
to multiparametric
MRI (weeks)

Concurrent or history
of immunotherapy treatment

24 None
29 None
7 None
10 None
13 None
22 Pembrolizumab started 1 month after

SRS. 3 month course of Ipilimumab
(ended 2 months before SRS).
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imaging (GE-EPI) during the first pass of a standard dose
(7.5 mmol) bolus of gadolinium contrast (Gadovist, Bayer,
Berlin, Germany) administered intravenously at a flow rate
of 6 ml/s. In total, 80 volumes were acquired at 2.1 s in-
tervals with the bolus typically arriving between the 10th
and 15th volume. This was followed by post-contrast three-
dimensional T1-weighted images (MPRAGE) acquired in the
axial plane with sagittal and coronal reformats. Two-
dimensional MRS imaging was then carried out in the
axial plane, choosing a slice with the largest contrast-
enhancing lesion area. Short echo (TE ¼ 30 ms) and inter-
mediate echo (TE ¼ 135 ms) single-voxel MRS was also
carried out in all cases.

Magnetic Resonance Imaging Post-processing and Analysis

ADC maps were calculated from the DWI on the magnetic
resonance scanner software (MagnetomVB17; Siemens). DSC
data were post-processed on a Siemens Leonardo worksta-
tion (software version VB17; Siemens) using a global AIF
without T1 correction, producing maps of rCBV and relative
cerebral blood flow. MRS data were processed and fitted us-
ing the magnetic resonance scanner software (Magnetom
VB17; Siemens) to produce peak integral values for N-ace-
tylaspartate (NAA), Cr, Cho and lipids. ADC and rCBV values
for each treated metastasis were measured by a consultant
neuroradiologist using regions-of-interest (ROIs) placed in a
region of suspected disease progression (high rCBV). If no
region of higher rCBV was observed, the ROI was instead
placed in the largest area of contrast-enhancing tissue. rCBV
values were normalised using a further ROI placed in equiv-
alent tissue on the contralateral (normal) side.MRSdatawere
used to determine the maximum observed ratio of Cho:Cr in
any available voxel within the contrast-enhancing lesion.
Results

Quantitative Analysis

For quantitative analysis, the threshold values used to
distinguish tumour recurrence from radiation-related
Table 2
Post-stereotactic radiosurgery multiparametric magnetic resonance im

Patient DWI PWI

ADC (� 10�6 mm2/s) rCBV ratio
(lesion/contralateral)

1 920 5.1
2 999 1.9

3 1479 0.9
4 628 4.5

5 1159 2.1
6 564 3.1

DWI, diffusion-weighted imaging; ADC, apparent diffusion coefficient
volume; MRS, magnetic resonance spectroscopy; Cho:Cr, choline to cre
changes for the multiparametric MRI parameters from
DWI, PWI and MRS, respectively, were as follows:
ADC� 1000� 10�6 mm2/s, rCBV ratio� 2.1 and Cho:Cr ratio
� 1.8. Correlations between multiparametric MRI and lon-
gitudinal clinicoradiological outcomewere investigated and
are presented in Table 2 for all six patients.

With respect to longitudinal follow-up outcome, four of
the six patients had progressive disease from the SRS-
treated lesions. These were confirmed histopathologically
(n ¼ 2) or radiologically (n ¼ 2). The other two patients had
subsequent regression or stable disease on clinical and
radiological follow-up.

When an rCBV threshold ratio of 2.1 was applied [7], we
were able to divide our patients into either suspected
tumour recurrence (rCBV > 2.1, n ¼ 3) or suspected
radiation-related changes (rCBV � 2.1, n ¼ 3). However, for
the one patient in the ‘suspected radiation-related changes
group’ with borderline rCBV of 1.9, the features of a high
Cho:Cr ratio (2.6) and intermediate ADC (999 � 10�6 mm2/
s) were taken into account. These three parameters when
considered together would predict a high likelihood of
tumour recurrence, as opposed to radiation changes.
Therefore, with the help of multiparametric MRI, four pa-
tients were deemed to have features of tumour progression,
with the other two patients considered to have features of
radiation-related changes. These multiparametric MRI
findings were concordant with the subsequent longitudinal
clinicoradiological outcomes.

Descriptive Analysis

Four cases (Figures 1e4) are presented showing multi-
parametric MRI findings in true progression and radiation-
related changes.
Discussion

The small number of cases presented here have been
used to illustrate howmultiparametric MRImay be useful in
the evaluation of post-SRS change for brain metastases. The
use of these combined techniques has strongly influenced
aging (MRI) results with clinicoradiological follow-up

MRS (TE 30 ms) Imaging follow-up (time and outcome)

Maximum Cho:Cr

2.8 6 months e disease progression
2.6 6 months e progression confirmed

with resection
1.0 6 months e stable
2.0 Progression on computed tomography

and clinical deterioration
1.6 4 months e regression of disease
5.7 3 months e progression confirmed

with resection

; PWI, perfusion-weighted imaging; rCBV, relative cerebral blood
atine ratio.



Fig 1. Patient 2: brain metastasis from primary breast carcinoma. (a) Brain metastasis in the right mesial frontal lobe shown on axial T1-
weighted post-contrast magnetic resonance imaging (MRI). (b) Post-stereotactic radiosurgery scan at 29 weeks showed more than 20% in-
crease in the lesion size with associated oedema. Multiparametric MRI showed: (c) a low apparent diffusion coefficient (ADC; 999 � 10�6 mm2/s)
on diffusion-weighted imaging (DWI), (d) a borderline relative cerebral blood volume (rCBV) ratio (1.9) on perfusion-weighted imaging and (e) a
high choline to creatine ratio (Cho:Cr; 2.6) on magnetic resonance spectroscopy (MRS; TE ¼ 35 ms). Two of the three parameters (DWI and MRS)
suggested poor response and disease progression. (f) Surgical decision was taken to operate on the motor cortex. Excision of the right frontal
tumour was carried out. Microscopy showed increased mitoses and tumour cells with large nuclei and area of necrosis. Oestrogen receptor was
also positive, consistent with the known breast carcinoma primary.

Fig 2. Patient 3: brain metastasis from primary non-small cell lung carcinoma. (a) Brain metastasis in left frontal lobe shown on axial T1-
weighted post-contrast magnetic resonance imaging (MRI). (b) Dose distribution on stereotactic radiosurgery (SRS) planning scan. (c) Post-
SRS scan at 7 weeks showed more than 20% increase in lesion size. Multiparametric MRI showed: (d) a high apparent diffusion coefficient
(ADC; 1479 � 10�6 mm2/s) on diffusion-weighted imaging, (e) a low relative cerebral blood volume (rCBV) ratio (0.9) on perfusion-weighted
imaging and (f) a low choline to creatine ratio (Cho:Cr; 1.0) and very high lipid on magnetic resonance spectroscopy. All parameters sug-
gested good response to SRS. (g) Post-SRS post-contrast T1-weighted scan at 24 weeks showed no further increase in lesion size and the patient
remained clinically stable.

V. Sawlani et al. / Clinical Oncology 31 (2019) 41e4944



Fig 3. Patient 4: melanoma with brain metastases. (a) Three small enhancing lesions in left frontal lobe visible on axial T1 post-contrast
magnetic resonance imaging (MRI). (b,c) Post-stereotactic radiosurgery T2-fluid-attenuated inversion recovery and post-contrast T1-weighted
scans showed an increase in size and oedema in all the lesions. Multiparametric MRI showed: (d) a high relative cerebral blood volume
(rCBV) ratio (4.5) on perfusion-weighted imaging, (e) a low apparent diffusion coefficient (ADC; 629 � 10�6 mm2/s) on diffusion-weighted
imaging and (f) a very high choline to creatine ratio (Cho:Cr; 2.6) and a moderate amount of lipid on magnetic resonance spectroscopy. All
parameters suggested a poor response to treatment and disease progression. (g) Follow-up post-contrast computed tomography head study
showed a further increase in the size of the lesions, suggesting disease progression.

Fig 4. Patient 5: melanoma metastasis. (a) One enhancing lesion in the right basal ganglion visible on axial T1 post-contrast magnetic resonance
imaging (MRI). (b,c) Post-stereotactic radiosurgery T2-weighted and post-contrast T1-weighted scans showed greater than 20% increase in
lesion size and associated oedema. Multiparametric MRI showed: (d) a low relative cerebral blood volume (rCBV) ratio (2.1) on perfusion-
weighted imaging, (e) a high apparent diffusion coefficient (ADC; 1159 � 10�6 mm2/s) and (f) a low choline to creatine ratio (Cho:Cr; 1.6)
and very high lipid. Most parameters suggested a good response. (g) Follow-up post-contrast T1-weighted scan showed regression of the lesion.

V. Sawlani et al. / Clinical Oncology 31 (2019) 41e49 45
clinical decision-making and treatment options for patients.
In the case of multiparametric MRI suggesting tumour
progression, the decision to operate has been made, despite
the lesion being located in the motor cortex, with histology
confirming tumour progression (Patient 2, Figure 1). In
addition, for a patient who was unsuitable for further
treatment with suggestion of disease progression on mul-
tiparametric MRI, the decision for palliative treatment to be
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started wasmade, without further follow-upMRI (Patient 4,
Figure 3). Where multiparametric MRI was suggestive of a
good response to SRS, confidence was given for clinical
decisions to be made to follow up patients through routine
imaging (Patient 3, Figure 2), particularly in the case where
the lesion was located in an eloquent area and close to the
basal ganglia, whichwouldmake surgical intervention risky
(Patient 5, Figure 4).

The mechanism of treatment effect after SRS is not yet
well understood, although it is thought that microvascular
damage is induced, which leads to indirect tumour cell
death [12]. The subsequent release of cell death toxins is
thought to lead to a spread of vasogenic fluid into the brain
parenchyma with associated inflammation, oedema and
abnormal vessel permeability [13]. As with glioblastoma,
serial structural MRI is the standard method of assessing
response after radiosurgery to brain metastases. However,
at single time points of imaging using current structural
MRI techniques, it can be virtually impossible to differen-
tiate tumour progression from radiation changes or a
mixture of both [10].

In recognition of the increasing proportion of patients
with brain metastases treated with more aggressive local
treatment, and the increasing inclusion of this patient
cohort in clinical trials, the international multidisciplinary
Response Assessment in Neuro-Oncology Brain Metastases
(RANO-BM) working group has recently published a
guideline on standard response and progression criteria
based on MRI [4]. The addition of ICI alongside SRS for brain
metastases further complicates imaging follow-up assess-
ment. Some studies have identified prolonged survival in
the subgroup of patients whose SRS-treated brain metas-
tases show initial enlargement [14,15], possibly due to a
synergy between ICI and radiotherapy [16]. As such, the
stakes on timely and accurate interpretation of post-SRS
follow-up imaging are high. Presumed progression might
lead to unnecessary additional treatment to the local site, or
discontinuation of the earlier efficacious systemic therapies,
or confound the outcomes of clinical trials examining new
systemic treatment for patients with treated brain metas-
tases. In this cohort, the patient with a history of ICI showed
features of progression on multiparametric MRI and follow-
up. In view of the clinical significance and implications of
accurately differentiating radiation changes from genuine
tumour progression, various MRI parameters are being
investigated, of which PWI, DWI and MRS are the most
promising.

Tumour recurrence is associated with increased angio-
genesis and its resultant region of hyperperfusion with
higher blood volume. Radiation-related changes, often
confusingly and synonymously used with ‘radiation necro-
sis’ in the literature, on the other hand, are associated with
regions of hypoperfusion due to radiation-induced vascular
endothelial damage and coagulative necrosis [14,17]. rCBV,
which is the calculated CBV relative to the contralateral
(normal) brain, is the most widely used parameter derived
from DSC and is considered a marker of angiogenesis. rCBV
has been consistently reported to be a promising magnetic
resonance perfusion parameter for differentiating tumour
recurrence (higher rCBV values due to increased angiogenic
hyperperfusion) against radiation changes (lower rCBV
values) in the context of radiosurgery-treated brain me-
tastases [6e8,11]. Hoefnagals et al. [6] showed an optimum
rCBV cut-off ratio of > 2.0 for tumour recurrence, with a
sensitivity of 85% and a specificity of 71% and Mitsuya et al.
[7] showed an optimum cut-off ratio of > 2.1, with an
increased sensitivity of 100% and a specificity of 95.2%.
Barajas et al. [11] also showed that all six subjects with
rCBV < 1.35 had radiation changes only. In our case cohort,
we applied the threshold rCBV of 2.1.

DWI is based on the ability of MRI to detect Brownian
motion of water molecules within the microenvironment.
In cases of tumour recurrence, there is a high concentration
of malignant cells at the recurrence site, with increased
cellularity and increased intracellular space. This situation
restricts free water movement due to closely packed cell
walls. Most studies on DWI and ADC are on intrinsic brain
tumours. Cha et al. [18] retrospectively investigated the role
of combined ADC and rCBV in differentiating radiation-
induced changes and tumour progression in 16 patients
with resected enlarging brain metastases following radio-
surgery. They demonstrated a sensitivity of 100% and a
specificity of 56% for differentiating radiation necrosis from
tumour progression using these two techniques in combi-
nation [18]. Song et al. [19] defined an optimal ADC
threshold value of 900 � 10�6 mm2/s for differentiating
between true progression and pseudoprogression in glio-
blastoma; in our cohort, based on our experience we
applied a similar ADC threshold value of 1000 � 10�6 mm2/
s.

MRS measures the composition of various metabolites
within a tissue [20]. These metabolites can be quantitatively
evaluated singularly, or as a ratio, typically Cho:Cr and
Cho:NAA in the context of brain tumours and metastases. In
our case series, we used Cho:Cr with a threshold of> 1.8 for
tumour recurrence, based on the findings from Weybright
et al. [21] showing positive prediction in 27 of 28 cases in
their study. Chernov et al. [9] conducted a study on 33 cases
of SRS-treated brain metastases followed up with multi-
voxel MRS. Using MRS parameters of a NAA:Cho ratio <

1.0 and a lipid:Cho ratio < 3.0 as cut-off values for tumour
recurrence, they correctly identified patients into pure
recurrence, partial recurrence, pure radionecrosis and per-
itumoural necrosis groups [9]. Six of the cases with subse-
quent resection information showed pathologico-MRS
concordance. Huang et al. [8] found that the choline to
contralateral normal choline ratio had the best performance
and a cut-off value > 1.2 yielded 33% sensitivity and 100%
specificity. A meta-analysis from six MRS studies concluded
that using Cho:Cr or Cho:NAA ratios may increase the ac-
curacy of differentiating radionecrosis from tumour recur-
rence, with stronger pooled effects for Cho:Cr [22].

Other MRI techniques have also been used to help with
response assessment. A study by Zach et al. [23] using
delayed contrast extravasation MRI more than 1 h after
contrast injection has also showed potential for differenti-
ating between tumour recurrence and radiation changes,
with a sensitivity/PPV of 100%/89% in brain metastases.
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However, no specificity or NPV was quoted [23]. The tech-
nique may also be particularly useful in haemorrhagic le-
sions when other techniques may be technically difficult to
perform and interpret due to susceptibility artefact.

Multiparametric MRI adds relevant and important
physiological and metabolic information about the tissue
microenvironment alongside structural MRI findings in the
quest to differentiate brain metastasis recurrence versus
radiation changes. However, most studies thus far have
investigated individual parameters independently, had
limited subject numbers and are of a retrospective nature. A
review of the literature has been carried out and the results
are summarised in Table 3. The multiparametric MRI
approach is being utilised in the context of primary brain
tumours [22,29e32], although there is very sparse litera-
ture on multiparametric magnetic resonance assessment of
post-SRS brain metastasis [33].
Table 3
Review of results from previous studies for differentiating tumour recurr
metastases following radiosurgery

Reference Test, parameter Cut-off values Tumour rec
(TR)

Sensitivity
(%)

[24] Conventional MRI,
T1/T2 mismatch

[25] Conventional MRI,
lesion quotient

<0.3 (RC), 0.3e0.6
(mixed), >0.6 (TR)

100

[26] Conventional MRI,
lesion quotient

<0.3 (RC), 0.3e0.6
(mixed), >0.6 (TR)

59

[7] Perfusion MRI, rCBV >2.1 (TR) 100
[11] Perfusion MRI, rCBV <1.54 (RC)

Perfusion MRI, rPH <0.69 (RC)
Perfusion MRI, PSR >76.3 (RC)

[27] Conventional MRI,
volume
Perfusion MRI,
regional CBV

[8] Perfusion MRI, rCBV >2 (TR) 56
MRS, rCho 1.2 33
Conventional MRI,
volume

65% 100

[28] MRS, Cho/Lip >0.3 (TR), <0.3
(RC)

PPV 94.4

MRS, Cho/Cr >2.48 (TR), <2.48
(RC)

PPV 88.9

MRI, magnetic resonance imaging; rCBV, relative cerebral blood volum
magnetic resonance spectroscopy; rCho, relative choline; Lip, lipid; Cr,

Table 4
Multiparametric magnetic resonance imaging features for differentiatin

Imaging sequence Tumour recurrence

Diffusion-weighted imaging Lower ADC values (<1000 �
Perfusion-weighted imaging Elevated rCBV ratio (>2.1)
Magnetic resonance spectroscopy Higher Cho:Cr (>1.8)

ADC, apparent diffusion coefficient; rCBV, relative cerebral blood volum
Prat et al. [34] suggested that magnetic resonance
perfusion and MRS were the most promising imaging
methods for detecting tumour recurrence and this is also
reflected in the meta-analysis by Chuang et al. [22] indi-
cating rCBV and Cho:Cr or Cho:NAA as good discriminators.
In this small case series, rCBV was utilised to make a pre-
liminary dichotomy of tumour recurrence versus radiation
changes, then took Cho:Cr and ADC into account to more
accurately interpret a case with borderline rCBV values.
Table 4 summarises features of multiparametric MRI in
relation to the probable tumour state.

Multiparametric MRI including rCBV for angiogenesis,
ADC for movement of water molecules and Cho for mem-
brane turnover provide assessment of the physiological and
metabolic environment of the tissue. The RANO-BM work-
ing group has also encouraged the use of advanced imaging
for assessing treatment response in the recently published
ence from radiation-related changes/necrosis in patients with brain

urrence Radiation change/
necrosis (RC)

Mixed e recurrence
and necrosis

Specificity
(%)

Sensitivity
(%)

Specificity
(%)

Sensitivity
(%)

Specificity
(%)

83.3 91.1

32 80 96 15 100

41 8 91 0 64

95.2
91.3 72.73
86.96 45.45
95.65 100
64 43

91 71

100
100
80

PPV 100

PPV 71.4

e; rPH, relative peak height; PSR, percentage signal recovery; MRS,
creatine; PPV, positive predictive value.

g tumour recurrence from radiation-related changes

Radiation-related change/necrosis

10�6 mm2/s) Higher ADC values (>1000 � 10�6 mm2/s)
Decreased rCBV ratio (<2.1)
Lower Cho:Cr (<1.8)

e; Cho:Cr, choline to creatine ratio.
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guideline [2]. However, they deemed that there was insuf-
ficient evidence for any onemodality to be recommended in
the recently published guideline [4], but from our limited
experience we recommend the multiparametric approach.
The adoption and widespread clinical use of multi-
parametric techniques is limited due to a number of factors.
The technical issues include a lack of standardisation of
acquisition techniques and availability of expertise. Further
studies and funding are required to investigate the early
post-SRS treatment response through a prospective trial
with the inclusion of multiparametric MRI at baseline and
6e9 weeks after SRS treatment, although a single post-SRS
multiparametric examination could also provide the
necessary information for making clinical decisions. To
allow for validation, the study should be carried out across
multiple centres [13].
Conclusion

Response assessment after SRS for brain metastases re-
mains challenging and no single supplementary MRI
parameter can be recommended to help discriminate pro-
gression from SRS-related changes. Preliminary results from
this study suggest that advanced imaging techniques, such
as multiparametric MRI utilising rCBV from PWI, Cho:Cr
fromMRS and ADC fromDWI, are feasible and hold promise
for SRS-treated brain metastases in distinguishing tumour
recurrence from radiation changes, with improved accuracy
compared with any technique in isolation. However, pro-
spective and longitudinal studies are required to validate
multiparametric MRI prior to application in standard clin-
ical practice.
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