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Abstract A number of intracranial tumors demonstrate
some degree of enlargement after stereotactic radiosurgery
(SRS). It necessitates differentiation of their regrowth and
various treatment-induced effects. Introduction of low-dose
standards for SRS of benign neoplasms significantly
decreased the risk of the radiation-induced necrosis after
management of schwannomas and meningiomas. Although
in such cases a transient increase of the mass volume within
several months after irradiation is rather common, it usually
followed by spontaneous shrinkage. Nevertheless, distin-
guishing tumor recurrence from radiation injury is often
required in cases of malignant parenchymal brain neoplasms,
such as metastases and gliomas. The diagnosis is frequently
complicated by histopathological heterogeneity of the lesion
with coexistent viable tumor and treatment-related changes.
Several neuroimaging modalities, namely structural mag-
netic resonance imaging (MRI), diffusion-weighted imag-
ing, diffusion tensor imaging, perfusion computed
tomography (CT) and MRI, single-voxel and multivoxel
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proton magnetic resonance spectroscopy as well as single
photon emission CT and positron emission tomography with
various radioisotope tracers, may provide valuable diagnos-
tic information. Each of these methods has advantages and
limitations that may influence its usefulness and accuracy.
Therefore, use of a multimodal radiological approach seems
reasonable. Addition of functional and metabolic neuroim-
aging to regular structural MRI investigations during follow-
up after SRS of parenchymal brain neoplasms may permit
detailed evaluation of the treatment effects and early predic-
tion of the response. If tissue sampling of irradiated intracra-
nial lesions is required, it is preferably performed with the
use of metabolic guidance. In conclusion, differentiation of
tumor progression and radiation-induced effects after intrac-
ranial SRS is challenging. It should be based on a complex
evaluation of the multiple clinical, radiosurgical, and radio-
logical factors.

Keywords Differential diagnosis . Functional
neuroimaging ¢ Gamma Khnife radiosurgery ¢ Metabolic
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Introduction

Stereotactic radiosurgery (SRS), particularly Gamma Khnife
radiosurgery (GKS) is a widely approved management option
for a variety of benign and malignant intracranial neoplasms,
vascular lesions, and functional brain disorders. For brain
tumors, the treatment usually results in stabilization of
growth, and some degree of mass volume reduction is fre-
quently seen. Nevertheless, a number of lesions demonstrate
progression after irradiation, necessitating differentiation of
tumor regrowth from treatment-induced effects. Some amount
of increase in the mass volume after SRS is observed in
1-10 % of pituitary adenomas and benign meningiomas [19,
61, 86], 14-70 % of vestibular schwannomas [15, 24, 62, 65],
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16-60 % of intracranial metastases [10, 18, 23, 63, 71], and
73-84 % of malignant gliomas [71]. It may reflect failure of
the SRS and true progression of the neoplasm or even malig-
nant transformation of an initially benign tumor. In the same
time, regrowth may be mimicked by delayed growth arrest,
temporary enlargement of the mass after low-dose radiosur-
gery, or radiation-induced necrosis. In some cases, formation
of the new radiosurgery-induced neoplasm within the target
area is suspected. It is clear that an exact diagnosis in such
cases is mandatory for timely initiation of the appropriate
treatment and precise determination of prognosis [30, 34].

Progressing Lesions After Radiosurgery
of Intracranial Tumors

Treatment-induced changes after SRS evolve over time, and
tumor progression may be initiated in varying intervals after
seemingly durable initial growth control. It emphasizes the
importance of close, prolonged radiological follow-up after
radiosurgery, which usually comprises regular investigations
with structural magnetic resonance imaging (MRI) or com-
puted tomography (CT). These methods permit dynamic
evaluation of the lesion volume, structure, contrast enhance-
ment, degree of peritumoral edema, and mass effect. While
evaluation of these parameters is useful, sometimes it cannot
reliably distinguish various radiosurgery-induced pathophys-
iological reactions within the target. Usually decreased peri-
tumoral brain edema and appearance of central lucency on
postcontrast MRI of the lesion are considered positive prog-
nostic factors as they indicate growth arrest and further
shrinkage of both benign and malignant neoplasms [39, 54,
64]. There may also be a temporary increase in contrast
enhancement of the mass with blurring or an irregular mar-
gin [39, 71], but the prognostic significance of such findings
remains unknown.

In fact, even volumetric changes, which are used to assess
tumor response to irradiation, are not always sufficiently pre-
dictive for a prognosis [71]. For example, up to 60 % of intrac-
ranial metastases that demonstrated varying degrees of volume
reduction soon after radiosurgery enlarged thereafter [23].
However, in 20-64 % of cases it is not caused by tumor
regrowth due to treatment failure but by radiation-induced
effects [23, 30, 32, 71], and even histopathological investiga-
tion after surgical resection of these lesions could not reveal
viable neoplastic tissue. According to Huang et al. [30], a 65 %
increase in the volume of a metastatic brain tumor after irradia-
tion represents the best threshold for identifying recurrence.
However, it has only 80 % specificity, which fell to 50 % for
lesions irradiated with a biological effective dose (BED) of
>200 Gy (approximately 19 Gy of marginal dose delivered at
a single session) [30]. In the series of Essig et al. [17],

volumetric changes in intracranial metastases at 6 weeks after
SRS had just 64 % positive prediction value (PPV) and 43 %
negative prediction value (NPV) for overall response to
treatment.

Regrowth of the Intracranial Tumors
due to Treatment Failure

Failure of radiosurgery to control the intracranial tumor
may be caused by suboptimal targeting, insufficient treat-
ment dose, and/or resistance of the neoplasm to irradia-
tion, particularly due to prominent malignant growth
potential. Inability to identify clearly the borders of the
mass on conventional neuroimaging is considered one of
the main reasons for SRS failure in such different tumors
as adrenocorticotropic hormone-secreting pituitary ade-
nomas and gliomas. Intentionally decreasing the radiation
dose delivered to the target because of its large volume or
critical location may be the main reason of regrowth of
schwannomas and meningiomas after sterotactic irradia-
tion [86]. Radiosurgery has limited effectiveness for
malignant extracerebral intracranial tumors, especially if
applied as salvage treatment at the time of evident tumor
progression. Some brain metastases (e.g., those originat-
ing from sarcomas, colon and renal carcinomas, and
malignant melanoma) are relatively resistant to SRS and
may require greater radiation doses [38].

Malignant Transformation of Benign
Intracranial Tumors

Malignant transformation of benign brain tumors after
GKS is uncommon. In fact, it can be easily mistaken with
spontaneous dedifferentiation, particularly if irradiation is
performed at the time of regrowth or recurrence after ini-
tial lesion resection [48, 58]. Moreover, in some of such
cases reexamination of the tissue specimen obtained at
the time of surgery may reveal missed features of anapla-
sia [48]. It should be borne in mind that rare malignant
subtypes of schwannomas and meningiomas can be
radiologically indistinguishable from their typical benign
counterparts. Thus, their progression, despite SRS, is eas-
ily confused with malignant transformation. Kubo et al.
[48] analyzed 11 such cases after SRS or radiotherapy of
vestibular schwannomas and found that in 7 of them irra-
diation was applied as a primary treatment modality with-
out detailed examination of the neoplastic tissue, and 5
patients had neurofibromatosis type 2, which has known
association with a high risk of malignancy. It should be
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noted that in rare cases accelerated growth of benign
tumors was observed during various time periods after
SRS, but tissue investigation after subsequent resection
usually confirmed preservation of the benign histopatho-
logical pattern [14].

Delayed Growth Arrest and Temporary
Enlargement of Benign Brain Tumors

Stabilization of growth with or without subsequent shrinkage
is the most typical outcome after low-dose SRS for benign
intracranial tumors. However, other patterns of volumetric
response to irradiation are not uncommon. Temporary enlarge-
ment of the irradiated neoplasm has become a recognizable
clinical phenomenon, which is rather typical for slow-respond-
ing masses [64]. It usually does not reflect true tumor progres-
sion and only infrequently requires additional treatment.

Several months after radiosurgery 14—70 % of vestibular
schwannomas demonstrate an increase in their volume [15,
24, 62, 65], which constitutes in median 75 %, although it
may reach 200 % [15, 65]. Regarding linear measurements,
the tumors may increase >5 mm in one axis [15, 65].
Hasegawa et al. [24] noted that such changes were more
common in women with large, particularly cystic neoplasms.
Temporary lesion enlargement may be more frequent after
irradiation with higher doses as it was noted in 70 % of
patients treated before introduction of low-dose SRS for
benign intracranial tumors [62]. The phenomenon may be
more profound in nonvestibular, particularly trigeminal,
schwannomas [55]. Increased mass volume is usually accom-
panied by loss of central contrast enhancement on
T1-weighted MRI, also known as the “black hole” [54]. The
pathophysiological mechanism remains the subject of debate,
but delayed growth arrest, radiation-induced necrosis, and/or
apoptosis with inflammation and swelling are considered the
main causes. Histopathological investigation may reveal
parenchymal necrosis, thickening of the vascular walls as a
result of endothelial and pericytic proliferation, perivascular
infiltration of macrophages and small lymphoid cells, throm-
bus formation, and foci of minute hemorrhages [24, 26, 48].
Appearance of new symptoms, particularly hemifacial
spasm, was noted in 20 % of patients, but they are usually
self-limiting or resolve with steroid therapy [65].

The most important fact, which is clearly recognized at
present, is that more than half of vestibular schwannomas
exhibiting enlargement after SRS demonstrate shrinkage later
on, whereas many others have growth stabilization without fur-
ther progression. The appearance of central lucency on con-
trast-enhanced images is usually followed by reenhancement,
and considered a favorable factor for further volume regression
[24, 54, 64]. In such cases, residual inactive lesions with

prominent fibrotic changes usually appear as small contrast-
enhanced masses within the target area, resembling a “white
dwarf” [54]. Only in 2-7 % of patients undergoing GKS for a
vestibular schwannoma, serial neuroimaging demonstrates
continuous tumor progression, cystic degeneration, or enlarge-
ment of preexisting cysts, which necessitates additional treat-
ment with surgery or repeat radiosurgery [24, 65].

Similar volumetric changes are sometimes observed after
low-dose radiosurgery of other benign tumors [19, 61, 62,
64]. In the series of Feigl et al. [19], around 3 % of World
Health Organization (WHO) grade I meningiomas demon-
strated an initial volume increase after GKS followed by
shrinkage or growth stabilization. Pamir et al. [61] noted
some enlargement of pituitary adenomas 3-9 months after
GKS, although their size subsequently decreased in all cases.
This phenomenon was also noted after SRS of a low-grade
glioma [64].

Radiation-Induced Necrosis

Radiation-induced necrosis is a well-known phenomenon,
mimicking brain tumor progression after irradiation. It cor-
responds to early-delayed or late injury and usually develops
several months to several years after treatment, while clinical
manifestation was occasionally reported even 13 years after
SRS [7]. The incidence of symptomatic radiation-induced
necrosis after intracranial radiosurgery varies in most series
from 2 % to 14 %. Its risk is directly associated with greater
radiation doses, radiation energy delivered to the target, pre-
scription isodose volumes, 10 Gy and 12 Gy irradiation vol-
umes; larger number of isocenters; tumor dose inhomogeneity;
lower selectivity of the treatment plan; previous administra-
tion of SRS or radiotherapy; longer duration of follow-up [3,
5, 13, 20, 21, 32, 42, 47, 63, 64]. Radiation injury is rarely
observed after low-dose treatment of benign neoplasms. The
type of pathology is important: In the series of Chin et al.
[13], the incidence of the complication after GKS was 17 %
for gliomas but 6 % for other tumors. The development of
radiation injury is a complex process, and it is difficult to
predict its probability based on the limited number of clinical
and radiosurgical parameters. It may be predisposed in some
way by individual radiosensitivity [13, 21, 63] and specific
medical conditions (e.g., diabetes), be more pronounced in
well-oxygenated tissues [42], and be confounded by adjuvant
and concurrent chemotherapy [35, 34].

The underlying pathophysiological mechanisms include
initial direct cellular damage and microvascular injury with
progressive thickening of the large vessel walls caused by
hyalinization leading to thrombosis, infarction, and necrosis.
Correspondingly, the most common histopathological
findings in such cases are fibrinoid necrosis of the vascular
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Fig. 1 Multivoxel proton
magnetic resonance spectroscopy /
("H-MRS) in a case of radiation- ll
induced necrosis of the peritu-
moral brain after Gamma Knife |
radiosurgery (GKS) of a ’
metastatic brain tumor. Note the

presence of a necrosis pattern in
spectroscopic voxels containing
brain tissue adjacent to the target. \ |
NAA N-acetylaspartate, Cho
choline-containing compounds, i
Cr creatine, Lac lactate, Lip
mobile lipids (Source: Chernov
etal. [12])

' 1
L‘aclJ

walls with degradation of their basement membranes,
endothelial damage with proliferation of endothelial cells
and fibroblasts, vessel dilatation, telangiectasia, and perivas-
cular infiltration of lymphocytes, plasma cells, and mac-
rophages [7, 26, 34]. There is widespread permeation of the
tissue by fibrin caused by increased permeability of the ves-
sels [42]. Also, irradiation alters fibrinolytic enzyme activity
and initiates the immune response, which may cause autoim-
mune vasculitis [34]. Other changes include minute hemor-
rhages, calcifications, fibrosis, and cyst formation [5, 26].
Microvascular proliferation in necrotic foci or in their vicin-
ity is seen in some cases [26]. In the perilesional brain loss of
oligodendrocytes, which are extremely sensitive to irradia-
tion, leads to demyelination, whereas increased vascular per-
meability results in vasogenic brain edema; astrocytosis and
shrunken neurons associated with local brain atrophy are
seen subsequently [39, 70].

Unlike the tissue necrosis caused by wide-field radiother-
apy, after SRS the radiation injury is usually localized and
well restricted. In general, it is important to differentiate radi-
ation-induced tumor necrosis and radiation-induced necrosis
of the peritumoral brain [12]. Both conditions present as dif-
fuse signal hyperintensity on T2-weighted images that exceed
the target area. They are sometimes characterized as ““super-
novas” [54], and usually accompanied by perilesional con-
trast enhancement due to blood-brain barrier (BBB)
disruption [62, 64]. Nevertheless, with radiation-induced
tumor necrosis, the changes in the adjacent brain parenchyma
are mainly caused by diffusion of metabolically active

Table 1 Histopathological classification of radiation treatment effects
on tumors (modified from Ohoshi and Shimosato)

Grade Histopathological characteristics

0 No radiation effect

I Cellular damage without destruction of
tumor clusters

1I Cellular damage with destruction of
tumor clusters

1 Nonviable tumor cells

v No tumor cells (including coagulation

necrosis)

Source: Kamada et al. [38]

substances (i.e., cytokines) from the damaged neoplasm.
Therefore, this condition is frequently reversible, although it
may require surgical resection of the mass [64]. Hence, radi-
ation-induced tumor necrosis may be considered a more or
less acceptable side effect after radiosurgery of malignant
lesions [13]. In contrast, radiation injury to the peritumoral
brain caused by excessive radiation is an avoidable complica-
tion as it is usually due to suboptimal targeting with low
selectivity (Fig. 1).

The main diagnostic and treatment challenges posed by
intracranial lesion progression after radiosurgery and radio-
therapy are related to their common histopathological het-
erogeneity, the nearby coexistence of a viable tumor, and
radiation-induced changes (Table 1), which may be particu-
larly evident at the periphery of the target [38]. Such findings
were identified in 35-74 % of brain metastases and nearly
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100 % of high-grade gliomas that underwent surgical resec-
tion after initial SRS [16, 32, 40, 41, 71]. They are also
observed in some extracerebral intracranial neoplasms [48].

Presenting symptoms and clinical behavior of radiation-
induced necrosis vary significantly. Incidental, self-limit-
ing, steroid-controlled, progressive, and recurrent forms are
well recognized [3, 7, 44, 47]. Space-occupying lesions
resistant to medical therapy may require surgical resection
[20, 40, 64]. Milder forms are mainly related to edema
resulting from BBB disruption and demyelination. Hence,
their radiological definition as “radiation-induced enhance-
ment” (not “necrosis”) might be more correct, at least at the
early stages of development [42, 66]. Extensive radiation-
induced necrosis and cyst formation may be observed after
radiosurgical management of nonneoplastic pathology,
such as an arteriovenous malformation (AVM) and cavern-
omas, which sometimes requires differentiation from new
tumor formation [7, 20].

New Tumor Formation

There is no evidence that SRS increases the risk of malig-
nancy, and formation of new radiosurgery-associated tumors
is exceptionally rare [53, 72]. The roughly estimated risk is
<0.001 % [58]. In 2009, Niranjan et al. [58] identified nine
reported cases that met standard Cahan’s criteria for radia-
tion-induced neoplasms: four glioblastomas, one anaplastic
astrocytoma, three meningiomas, and one vestibular schwan-
noma. The complication manifested within 5-16 years after
SRS for benign brain tumors (four cases), malignant mela-
noma metastases (one case), and AVM (four cases).

Differentiation of the Tumor Regrowth and
Radiation-Induced Effects After Radiosurgery

Various clinical and radiosurgery-related characteristics
(e.g., histopathological type of the lesion, its volume, previ-
ously applied SRS or radiotherapy, radiation dose and its dis-
tribution, dynamics of symptoms, time elapsed until
identification of progression) should be certainly taken into
consideration during differentiating tumor regrowth from
radiation-induced effects. However, such parameters are
quite similar in both clinical entities and their assessment
alone rarely establishes a clear diagnosis [30, 81]. Barajas
et al. [2] reported that intraaxial metastatic tumors that later
recurred had a trend to have larger volume and lower pre-
scribed doses at the time of irradiation, although the differ-
ences were not statistically significant. Kano et al. [41] found
that a shorter interval between GKS of brain metastasis and

subsequent resection necessitated by lesion progression was
associated with a greater incidence of finding viable neo-
plasm in the histopathological specimen. In concordance,
Kihlstrom and Karlsson [42] noted that a tumor recurrence
after radiosurgery is more likely during the first posttreat-
ment year, whereas radiation injury is usually delayed.
However, these temporal interrelations were not confirmed
by others [2, 12, 27, 33, 56]. Our series of patients with
intracranial metastases progressing after GKS included 11
cases of pure tumor recurrence or regrowth, 10 cases of pure
radiation-induced tumor necrosis, and 11 cases of mixed
lesions. None of the clinical and radiosurgical parameters
(including location and initial volume of the intracranial neo-
plasm, previous irradiation by means of SRS or fractionated
radiotherapy, maximum and marginal irradiation doses, ini-
tial volumetric tumor response after radiosurgery, time to
deterioration) differed significantly between the groups [12].
Therefore, it is evident that various neuroimaging modalities
must play the main diagnostic role in such cases.

Historical Methods (Angiography
and Scintigraphy)

Attempts were made in the past to use cerebral angiography
to differentiate tumor recurrence from radiation-induced
necrosis, but the results were generally nonspecific [4, 5].
Currently, its use in such cases has been practically aban-
doned, although it represents the gold standard for evaluating
AVMs after radiosurgery. Similarly, scintigraphy and tomo-
scintigraphy with such tracers as sodium pertechnetate,
DTPA technetium, and iodoamphetamine (IMP) were widely
performed before introduction of the contemporary neuroim-
aging modalities, but frequent false-positive and false-nega-
tive results were noted [5].

Structural CT and MRI

At the time of lesion progression after radiosurgery, CT has
limited opportunities for differentiating tumor regrowth from
radiation-induced necrosis because both conditions typically
appears similarly as a contrast-enhancing low-density mass
within the target area surrounded by brain edema and fre-
quently associated with a mass effect [4, 5, 42,45]. According
to our experience, neither the lesion volume nor extent of the
perilesional edema differs significantly in cases of pure tumor
recurrence, pure radiation-induced necroses, and mixed
pathology after GKS of intracranial metastases, whereas a
midline shift at the time of clinical deterioration was rela-
tively more common in cases of radiation injury [12].
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Before radiosurgery

Fig. 2 Dynamics of the structural changes in a metastatic adenocarci-
noma of the lung after GKS. At 1 month after treatment the size of the
lesion had not changed significantly, although there was the appearance
of a central lucency without any corresponding hypointense areas on
T2-weighted images. At 10 months after treatment, there was a
significantly increased heterogeneously enhanced lesion that well cor-

On the other hand, structural MRI may provide some use-
ful diagnostic information. Particularly helpful for identifying
tumor regrowth is an evaluation of the correspondence of the
target-related hypointense area on the background of the
hyperintense signal on T2-weighted MRI to the contrast-
enhanced lesion on T1-weighted MRI. It is defined as the
lesion quotient or a T1/T2 match/mismatch [16, 40, 41]. The
greater the correspondence of their cross-sectional areas to
each other, the higher is the probability that a progressing
tumor is present (Fig. 2). Dequesada et al. [16] reported that
in all seven patients with histopathologically confirmed pure
neoplastic pathology, this ratio was >0.6, and use of its cutoff
level at 0.3 predicted the presence of a viable neoplasm in 26
of 27 cases. The reported sensitivity and specificity of a
T1/T2 match for identifying recurrent brain metastases after
GKS are 94 % and 77 %, respectively [40]. On the other hand,

1 months later

WAW: 240r'E WA

Bgi-1

IG[‘I 11; wtable)

10 months later

responded to the hypointense area on T2-weighted magnetic resonance
imaging (MRI) on the background of a hyperintense signal caused by
brain edema. Histopathological investigation after subsequent resection
revealed mixed pathology with coexistent viable tumor and radiation-
induced necrosis

an indistinct hypointense lesion on T2-weighted MRI that
failed to correlate with the T1-weighted contrast-enhanced
volume was significantly associated with detection of pure
necrotic changes in the tissue specimens. However, viable
neoplastic elements were identified in 33 % of contrast-
enhanced masses that did not have any corresponding hypoin-
tense area on T2-weighted images [40, 41].

Other features associated to some degree with progres-
sion of metastatic brain tumors after irradiation can be also
identified on MRI: arteriovenous shunting, gyriform distri-
bution of the hyperintense area corresponding to lesion and
perilesional edema on T2-weighted images, cyst formation,
and marginal or solid contrast enhancement [16]. On the
other hand, some specific forms of contrast enhancement
(Fig. 3), defined as “cut green pepper” (multiple irregular
rings of enhancement), “Swiss cheese/soap bubble”
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Fig. 3 Specific forms of contrast enhancement (arrows) typical for radiation-induced necrosis: “cut green pepper” (left), “soap bubble” (center),
and “spreading wavefront” (right) (Sources: Dequesada et al. [16], Rogers et al. [70], and Jain et al. [34])

(multiple small or moderate-sized areas of enhancement
intermixed with foci of necrosis), and “spreading wavefront™
(blurred margin of enhancement) are considered more typi-
cal, although not highly specific, of radiation-induced necro-
sis [16, 34, 57, 70]. Overall, structural MRI is somewhat
helpful in cases of parenchymal brain lesions progressing
after irradiation, but the information provided usually is not
enough for a precise diagnosis. There is general agreement
that additional functional and metabolic radiological investi-
gations are mandatory [22, 25, 34, 39, 59, 60, 66].

Diffusion-Weighted Imaging and
ADC Mapping

Diffusion-weighted imaging (DWI) reveals microscopic
Brownian motion in tissue water, and the apparent diffusion
coefficient (ADC) quantitatively describes the effective mean
diffusivity, which is determined by the tissue cellularity, vis-
cosity of the medium, and spacing of the diffusion barriers.
Highly cellular brain tumors usually appear on DWI as
hyperintense lesions and have a low ADC. Treatment-related
calcifications, gliosis, or fibrosis in the mass may influence
the intensity of the signal. Of note: the ADC of brain tumors
is relatively insensitive to steroid therapy, which facilitates
use of DWI during posttreatment follow-up [84].

In contrast, a hypointense signal on DWI and high ADC
are considered typical of radiation-induced necrosis [1, 22,
23, 31, 39], which may, however, exhibit a variety of signal
patterns [66]. Particularly, necrosis with a viscous mucinous
component may appear on DWI as a hyperintense lesion and
have low ADC values, similar to brain abscesses [66]. A low
ADC can also be caused by an inflammatory cellular compo-
sition at the early stages of radiation injury and by the pres-
ence of hemorrhages. Probably for these reasons direct

comparison of ADC led to controversial results because
higher values for both radiation injury [1] and tumor recur-
rence [75] were reported. In mixed lesions evaluation of the
spatial heterogeneity of ADC by means of “diffusion map-
ping” may allow to define presence of tumor recurrence
adjacent to necrotic areas [1, 22, 31].

Diffusion Tensor Imaging

The basic principles of diffusion tensor imaging (DTI) are
similar to those of DWI except that DTT evaluates the direc-
tionality and magnitude of water diffusion characterized by
fractional anisotropy (FA). FA was found to be slightly higher,
whereas the FA ratio (FA values normalized by region-of-
interest [ROI] in the contralateral white matter) was
significantly higher in normal-appearing white matter adjacent
to the perilesional edema in patients with treatment-related
injury after radiochemotherapy of intracranial gliomas com-
pared to patients with recurrent neoplasms [75]. Additionally,
eigenvalues and the principal eigenvalue ratio were significantly
higher in contrast-enhancing lesions in a group of patients
with recurrence [75]. Thus, DTI may be somewhat helpful in
differenting radiation-induced necrosis from regrowth of a
brain neoplasm after SRS, at least for infiltrative gliomas,
which justifies further research in this area [84].

Perfusion CT and MRI

At present, the hemodynamics of intracranial neoplasms can
be evaluated in vivo with perfusion CT and MRI using first-
pass dynamic susceptibility-weighted contrast-enhanced
perfusion imaging or arterial spin labeling. Various
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parameters determined by these techniques, including cere-
bral blood flow (CBF), cerebral blood volume (CBV), mean
transit time (MTT), relative peak height (PH), percentage of
signal-intensity recovery (PSR), contrast transfer coefficient
(K"s), allow detailed characterization of the lesion’s micro-
vascularity and the permeability of its vessels. They can be
applied effectively to differentiate tumor progression from
radiation-induced changes.

Increased neoangiogenesis and vascular density are char-
acteristic features of most neoplasms, especially those that
are malignant. Typically, CBV is greater in recurrent high-
grade brain masses than in white matter and lower or equal
to that in gray matter [27]. Its maximum values correspond
to intralesional areas of increased mitotic activity [66].
Because effective irradiation alters the blood supply of the
tumor, low CBV and CBF and increased MTT are usually
seen in radiation-induced necrosis [2, 22, 34, 35, 66].
However, sometimes the contrast-enhanced component of
the necrotic lesion has greater perfusion than is seen in white
matter, probably owing to the relatively increased density of
capillaries in the areas of inflammation, or to extension of the
vascular lumen caused by telangiectasia and dilatation of the
blood vessels [2, 33, 34, 66]. Of interest, several studies from
various centers [27, 30, 56] determined similar optimal
thresholds of the relative CBV (normalized to white matter)
for identifying recurrent intracranial metastasis after irradia-
tion: Its value of >2.0 proved to have 70-96 % diagnostic
accuracy (Fig. 4). However, for gliomas the cutoff level may
be lower: Jain et al. [35] used perfusion CT to investigate the
optimal threshold of the relative CBV for identifying a pro-
gressing tumor, and determined that it was 1.65 providing
83 % sensitivity and 100 % specificity.

The perfusion abnormalities in tumors are related not only
to the large number of neoplastic vessels but also to their
abnormal characteristics, such as increased permeability,
which may be detected in recurrent neoplasms and used for
their diagnosis [2, 33, 34]. In the multivariate analysis per-
formed by Jain et al. [33], the permeability surface area prod-
uct and the relative CBV showed independent significant
association with differentiating between the groups of
regrowing tumors (mainly gliomas) and treatment-induced
necrosis. Of note: Vascular leakiness in patients with a radia-
tion injury is also increased because of the damaged endothe-
lium and hypoxia-related up-regulation of vascular
endothelial growth factor (VEGF), but its magnitude is less
than that of viable high-grade neoplasms [33].

Perfusion CT provides robust data and better options
for quantitative analysis because of the linear relation
between the contrast agent’s concentration and tissue
attenuation. However, radiation exposure and use of rela-
tively large volumes of iodinated contrast medium limit its
utility for assessing brain tumors [33-35, 56]. On the other
hand, perfusion MRI provides better anatomical resolution

but is susceptible to multiple technical and methodologi-
cal errors, and its results may be significantly affected by
some pathophysiological characteristics of the investi-
gated tissue [2, 34]. Artificially increased hemodynamic
parameters are obtained if the examination is performed in
the vicinity of major vascular structures [66]. Also, the
presence of hemorrhage, melanin depositions, cysts, or
significant extravasation of contrast medium in the inves-
tigated area may produce susceptibility artifacts and lead
to erroneously decreased CBV values in the viable neo-
plasm [2]. Inaccurate estimation of CBF and CBV may be
caused by BBB alteration as interstitial edema may
compress the small vessels [33-35, 83]. In addition, the
tumor vasculature is sometimes significantly compromised
by rapid growth with necrotic changes [34, 35]. Low
spatial resolution of the method may challenge a precise
diagnosis in the presence of mixed lesions with a coexis-
tent viable neoplasm and radiation injury, although cre-
ation of “perfusion maps” may resolve this problem [34,
35, 66]. Finally, the results of perfusion studies are
significantly affected by administration of steroids or anti-
angiogenic therapy (e.g., bevacizumab), which is currently
used for management of both recurrent parenchymal brain
tumors and radiation-induced necrosis [34, 84].

Proton Magnetic Resonance Spectroscopy

Proton magnetic resonance spectroscopy (‘H-MRS) allows
noninvasive biochemical characterization of human tissue
located within the predefined voxel. The method is intrinsi-
cally multiparameter and permits simultaneous evaluation of
the variety of metabolites, which in the human brain usually
includes N-acetylaspartate (NAA), choline-containing com-
pounds (Cho), creatine (Cr), lactate (Lac), and mobile lipids
(Lip). These metabolites are associated with rather specific
histopathological and pathophysiological properties of the
investigated tissue (Table 2). In the clinical setting, the con-
tent of metabolites is frequently expressed semiquantita-
tively, as various ratios.

"H-MRS showed high effectiveness for differentiating a
recurrent tumor from radiation-induced necrosis. In such
cases, use of a multivoxel investigation (also known as spec-
troscopic or chemical shift imaging) is particularly impor-
tant because it provides the optimal spatial resolution
required for distinguishing the coexistent viable neoplasm
from treatment-induced changes [11, 49, 66]. Our study
showed 100 % diagnostic accuracy of this method in cases of
intracranial metastases enlarging after GKS [11]. The tumor
is usually characterized by an elevated Cho peak, decreased
NAA and Cr peaks, and frequent appearance of Lac and Lip
peaks [10, 25, 49, 51, 84]. The two latter metabolites
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Fig. 4 Contrast-enhanced
T1-weighted (a) and perfusion-
weighted (b) MRI in cases of
tumor recurrence (upper) and
radiation-induced necrosis
(lower) after radiosurgery of
metastatic brain tumors. Note the
clear difference in the cerebral
blood volume of lesions

(Source: Mitsuya et al. [56])

predominate on the spectrum of necrotic lesions, although in
some of such cases no reliable peaks can be identified at all.
However, in cases of early radiation-induced injury, Cho
may be elevated because of inflammation, demyelination,
and gliosis, and the spectroscopic pattern may resemble that
of a tumor [49, 66, 84].

The list of proposed thresholds of different metabolic
ratios for identifying a recurrent tumor is endless. It includes
Cho/Cr >2.5 [43, 44, 51], Cho/Lip +Lac >0.3 [44], and Cho/
nCho >1.2 [30] after SRS of brain metastases; and Cho/NAA
>1.8 [75], Cho/Cr >1.8 [75], Cho/nCr >1.79 [68], and
Lip+Lac/Cho <0.75 [68] after radiochemotherapy of intrac-
ranial gliomas. In our experience, the combination of NAA/
Cho ratio <1 and Lip/Cho ratio <3 in at least one lesion-
containing voxel of multivoxel "H-MRS showed high diag-
nostic accuracy for identification of regrowing brain
metastases after GKS, and corresponded well to the histopa-
thology in a surgically treated cases [11, 12]. It should be
kept in mind that evaluated metabolite ratios have variability

of, at least, 10-15 %, whereas technical differences of pro-
cessing and postprocessing during spectroscopic examina-
tions significantly complicate comparison of results obtained
on different MRI scanners. Hence, additional pattern analy-
sis of the 'TH-MR spectra can be helpful (Fig. 5).

In the series of patients with gliomas, Rock et al. [68, 69]
found that spectroscopic imaging allows reliable differentia-
tion between pure tumor and pure radiation-induced necro-
sis, but the distinction is less definitive for mixed lesions.
Possible false-negative results of 'H-MRS in the determi-
nation of recurrent neoplasms may be caused by the rela-
tively large size of the spectroscopic voxel (usually >1 cm?),
incomplete coverage of the lesion, and/or the inability to
differentiate between radiation-induced and tumor-induced
necrosis. Some tumors, such as intracranial metastases of
colorectal carcinoma, may have extremely high Lip content,
which may complicate their differential diagnosis. Finally,
the presence of hemorrhage in the investigated volume of
tissue and location of the mass in the vicinity of cerebral
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Table 2 Role of specific 'H-MRS-detected metabolites in brain tissue
characterization
Main 'H-MRS-
detected metabolites in
human brain

N-Acetylaspartate (NAA)

Histopathological and pathophysi-
ological correlates

Extremely sensitive axonal and
neuronal marker that reflects their
density, viability, and functional
activity. Nonspecific decrease accompa-
nies nearly all brain dysfunctions.

Choline-containing
compounds (Cho)

Associated with both synthesis and
degradation of cell membranes.
Elevated in areas with increased
proliferative activity, high cellularity,
inflammation, and early necrosis.
Decrease is associated with cell loss.

Creatine (Cr) Reflects energetic properties of the
investigated tissue. Usually, but not
always, decreased in brain tumors.
Frequently used as internal standard for
evaluating the other metabolites’

content.

Lactate (Lac) Usually not detected in normal brain.
Appears in areas of increased glycoly-
sis, anaerobic metabolism, ischemia, or
impaired mechanisms of lactate

utilization.

Mobile lipids (Lip) Usually not detected in normal brain.
Appears in areas with high rate of cell
membrane turnover, tissue breakdown,

and necrosis.

'H-MRS proton-magnetic resonance spectroscopy

ventricles or bone structures may create significant technical
obstacles to spectroscopic investigation.

Single Photon Emission Computed
Tomography

Single photon emission computed tomography (SPECT) is
based on detection of tracers labeled with gamma-emitting
isotopes by rotating scintillation detectors (gamma cameras).
To evaluate progressing brain tumors after radiosurgery, sev-
eral investigators have used thallium-201 chloride (*°'TI),
the uptake of which is related to CBF, BBB alterations, and
variability of Na/K-ATPase pump expression. Using
2T SPECT, Serizawa et al. [74] prospectively evaluated 72
brain metastases that were enlarging after GKS. Tumor
recurrence was diagnosed if the TI index (ratio of the radio-
isotope activity in the tumor relative to that of normal brain
tissue) was >5, whereas radiation injury was considered
present if it was <3. If the Tl index was between 3 and 5, the
investigation was repeated in 1 month (which was required
for 57 % of the lesions). Using their criteria the authors found
90 % diagnostic accuracy for differentiating tumor
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Fig.5 Classification of the pathological 'H-MR spectra based on deter-
mination of the main metabolites, namely N-acetylaspartate (NAA),
choline-containing compounds (Cho), lactate (Lac), and mobile lipids
(Lip). Types IC and IIC are further subdivided in cases with mild and
moderate elevation of Lip. Types IIIB and IIIC are typical for necrotic
lesions (Source: Chernov et al. [10])

recurrence from radiation injury. In another study, using a
cutoff level for Tl index of 2.5, Kimura et al. [43] established
the correct diagnosis in 74 % of patients with brain metasta-
ses that demonstrated enlargement after SRS.

Others, however, claimed that 2°'T1 SPECT is a sensitive
but relatively nonspecific modality for identifying progress-
ing tumors after irradiation, and that its spatial resolution
is too low (8—10 mm). False-positive and false-negative
results were reported [20, 40, 71, 74, 79]. Nonneoplastic
lesions with BBB disruption (radiation-induced necrosis,
inflammation, infarct) as well as hematomas and abscesses
may display increased *'T1 uptake. The risk of diagnos-
tic error is particularly high for small tumors and masses
located infratentorially or in the vicinity of brain structures
with high physiological tracer uptake (e.g., orbit, choroid
plexus, hypophyseal region). False-negative results may be
caused by administration of steroids [74]. In the series of
Tsuyuguchi et al. [79] 81 % of brain metastases enlarging
after SRS showed accumulation of 2'T1, but no significant
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difference was noted between the recurrence and necrosis
groups. A review of studies on the use of 2°'T1 SPECT for
evaluating recurrent supratentorial gliomas after radio-
therapy revealed that the sensitivity and specificity of the
method vary widely: 43—-100 % and 25-100 %, respectively
[80]. Use of double isotope investigations (e.g., *°'Tl and
#mTc-HMPAO) or delayed scanning may result in greater
diagnostic effectiveness of SPECT [77, 79].

Positron Emission Tomography

Among the diagnostic modalities used to differentiate
tumor progression from radiation-induced necrosis, posi-
tron emission tomography (PET) has probably obtained the
widest acceptance. Hypermetabolic tumor cells actively
accumulate radioisotope tracer, whereas hypometabolic
necrosis does not, which theoretically leads to a straightfor-
ward diagnosis (Fig. 6). Indeed, initial studies with the use
of BF-fluorodeoxyglucose (FDG)-PET showed high
efficacy for identifying recurrent brain tumors after irradia-
tion [5, 6, 42, 50, 81, 85]. The reported sensitivity and
specificity of the method for identifying recurrent brain
metastases after SRS were 65-82 % and 80-97 %, respec-
tively [6, 81]. The diagnostic accuracy was further improved
by co-registration of the metabolic data with structural MRI
and/or a computerized brain atlas [6, 81]. However, errone-
ous results of FDG-PET regarding identification of pro-
gressing neoplasms are not uncommon [40, 71]. Small
tumors, reduced metabolic rate or predominantly anaerobic
metabolism, and low resolution may cause false-negative
results, whereas high radioisotope uptake in the normal
cortex and basal ganglia, areas of inflammation, or epileptic
foci may lead to false-positive findings [11, 25, 50].
Additionally, glucose metabolism is affected by steroid
therapy [25]. Greater efficacy of FDG-PET in identifying
recurrent brain tumors seemingly can be attained with ini-
tial glucose loading, delayed imaging, and dual phase
investigations [29, 73], but the clinical usefulness of such
techniques require further evaluation.

In contrast to FDG, the background uptake of radioiso-
topes based on aminoacids (e.g., L-methyl-'"C-methionine
[MET]) in normal brain tissue is low (beside the pons),
which may provide optimal visualization of the neoplasm.
MET-PET showed high effectiveness in differentiating
recurrent intracranial metastases and gliomas from radia-
tion-induced necrosis after SRS or radiotherapy [76, 79].
Using a tumor/normal tissue ratio cutoff value of 1.42
Tsuyuguchi et al. [79] found 78 % sensitivity and 100 %
specificity for identification of progressing metastases
after SRS. The mechanisms of MET accumulation in the
tumor are not clear but may be related to increased protein

synthesis by proliferating cells, active transport of amino
acid across the cell membrane, BBB disruption, and high
vascular density. Its uptake rates correlate with immuno-
positivity to MIB-1 and PCNA [25]. Nevertheless,
increased accumulation of MET is seen occasionally in
intracerebral hematomas, areas of inflammation, reactive
gliosis, and radiation-induced necrosis [76, 79].

There is continuing search for new tracers for PET, which
can provide highly specific and sensitive identification of
recurrent intracranial tumors. This list includes, but is not
limited to, radioisotopes based on fluoroethyltyrosine (FET),
fluorothymidine (FLT), fluoro-L-dihydroxyphenylalanine
(FDOPA), and acetate [8, 25, 28, 52, 67]. However, they are
generally not available for routine clinical practice, so their
diagnostic usefulness in progressing lesions after SRS has
not been clarified.

Comparative Evaluation of the Various
Diagnostic Modalities

It is evident that functional and metabolic neuroimaging is
helpful for diagnosing brain tumor recurrence after irradia-
tion and for differentiating it from treatment-induced effects.
It remains unclear, however, which modality provides supe-
rior diagnostic accuracy. Despite some comparative studies
on this matter, reliable information remains scarce.

Several investigations demonstrated lower diagnostic per-
formance of FDG-PET compared to multivoxel 'H-MRS and
MET-PET in cases of brain metastases progressing after SRS
[11, 79]; compared to **'TI-SPECT, MET-, FLT-, and
FDOPA-PET in cases of recurrent gliomas, particularly low-
grade tumors [8, 28, 76]; and compared to acetate-PET for
evaluating the response of meningiomas to GKS [52]. On the
other hand MET-PET seems more efficient than *' TI-SPECT
for identifying brain metastases that are progressing after
SRS [79], and it provides results comparable to those
achieved with FET-PET in recurrent gliomas [67]. In cases
of brain metastases progressing after irradiation, the diag-
nostic accuracy of perfusion MRI is better than that of multi-
voxel 'H-MRS [30], which in turn is slightly more effective
than 2°'TI-SPECT [43]. Finally, multivoxel 'H-MRS is some-
what more accurate than DWI with ADC measurements for
identifying recurrent gliomas [69].

It should be kept in mind that various radiological modali-
ties provide complementary information on irradiated intrac-
ranial masses, which justifies use of a multimodal diagnostic
approach [30, 33, 49, 50, 59, 60, 69]. Spatial and temporal
discordances are common with multiparametric imaging.
Therefore, only by combining data derived from several tech-
niques can we arrive at a unique multifaceted characteriza-
tion of the lesion [59]. In 2006, our group proposed an
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Fig. 6 T1-weighted (leff) and T2-weighted (center) MRI and "F-fluorodeoxyglucose—positron emission tomography (FDG-PET) (right) of a
metastatic adenocarcinoma in the left cerebellar hemisphere progressing after GKS (Source: Chernov et al. [11])

algorithm for differentiating tumor recurrence from treat-
ment-induced effects after GKS of metastatic brain tumors.
The algorithm was based on multivoxel 'H-MRS and PET
[12]. Its updated version is presented on Fig. 7, but the
efficacy of this diagnostic strategy still requires detailed clin-
ical evaluation.

Role of Serial Functional and Metabolic
Imaging After Radiosurgery

Application of serial functional and metabolic evaluations
during follow-up provides detailed information on the
radiosurgery-induced pathophysiological reactions within
the target [59]. DWI, PWI, and 'H-MRS, seem particularly
attractive because they can be applied with relative ease at
the time of a routine MRI investigation. It was shown that
successful radiosurgery results in a gradually increasing
ADC [23, 31, 78] and decreased relative CBF [82, 83] and
CBV [17] in patients with a metastatic brain tumor.
Longitudinal spectroscopic changes in such cases are com-
plex as the initial decrease in Cho, Lac, and Lip peak inten-
sities reflect apoptotic cell loss and inhibition of tumor
metabolism. An increase of these metabolites is character-
istic of early necrotic changes, whereas further develop-
ment of radiation-induced necrosis is associated with a
decrease in Cho and further elevation of Lac and Lip or, in
the late stage, even disappearance of all metabolite peaks
[9, 43, 44, 46, 49, 51, 66, 82, 85]. An increase in the neu-
ronal marker NAA usually accompanies tumor shrinkage
but sometimes is evident even before initiation of volumet-
ric changes [9]. It is possible that similar dynamics,
although of lesser magnitude, of DWI-, PWI-, and 'H-MRS-
related parameters can also be observed after SRS of benign
extracerebral tumors [46, 78].

Such changes may precede tumor shrinkage or even be
detected at the time of mass enlargement. Hence, there is a
promising potential to evaluate the effect of treatment long
before a measurable response is detected [17, 23,31, 43,78,
83]. On the other hand, opposite dynamics usually accom-
pany recurrence or regrowth of the neoplasm. Theoretically,
serial functional and metabolic imaging can predict pro-
gression of the tumor before there is definite increase in its
volume [9, 23, 31, 43, 78]. In the series of Goldman et al.
[23], all of the brain metastases for which shrinkage after
GKS was not accompanied by a significant increase in the
ADC invariably recurred. Increased relative CBF and CBV
at 6 weeks after SRS of brain metastases compared to the
pretreatment level accurately predicted subsequent tumor
progression [17, 83]. Our serial 'H-MRS investigations of
intracranial metastases after radiosurgery [9] revealed sev-
eral subtle neurochemical alterations preceding definite
regrowth of the neoplasm (Fig. 8). Nevertheless, the clini-
cal applicability of this diagnostic approach and its possible
usefulness for correcting therapy before evidence of volu-
metric change in the tumor requires additional validation.

Multiple metabolic assessments by means of SPECT or
PET are difficult because of the need of special equip-
ment, necessity of injecting radioactive isotopes, and cost
of investigation. Nevertheless, Serizawa et al. [74] per-
formed serial 2°'TI-SPECT of 41 brain metastases that had
enlarged after radiosurgery. They found that tumor recur-
rence was typically associated with a steadily increasing
TI index, whereas in cases of radiation injury it had a
fluctuating course. Based on their experience, the authors
defined three metabolic responses after GKS: (1) good—
with a prominent decrease in the Tl index within 1 month
after SRS and continuous reduction thereafter; (2) early
recurrence—with a prominent decrease in the Tl index
within 1 month after SRS and steady increase thereafter;
(3) poor—with a moderate decrease in the Tl index within
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more than 25 % enlargement of the contrast-enhanced lesion several months after GKS

and/or

increase of the perilesional edema

with or without

appearance or aggravation of the neurological signs and symptoms

*

Appropriate treatment of radiation-induced necrosis and further clinical and
radiological follow-up, including serial multivoxel proton MRS

Fig. 7 Diagnostic algorithm for differentiating tumor recurrence from
radiation-induced necrosis after irradiation of metastatic brain tumors
(modified from Chernov et al. [12]). Compared to the previous version,

1 month after SRS and its fluctuation thereafter [74].
Tomura et al. [77] revealed that a decrease in the T1 index
within the first week after stereotactic irradiation of vari-
ous intracranial tumors is highly predictive of a subse-
quent volumetric response. Yoshino et al. [85] performed
serial fluoroboronophenylalanine (FBPA)-PET and FDG-
PET in a few patients after GKS on brain metastases and
found a steady decrease of radioisotope uptake somewhat
preceding and accompanying tumor shrinkage.
Enlargement of the lesion caused by radiation-induced
necrosis was not accompanied by metabolic changes. The
similar findings on serial FDG-PET were noted previously
after radiosurgery of intracranial meningiomas [62].
However, recently Liu et al. [52] compared acetate-PET
and FDG-PET before and after GKS of these tumors. The
former tracer showed reduced uptake after irradiation and
predicted a volumetric response, but FDG accumulation
was nonspecifically increased after irradiation in some

diffusion-weighted (DWI) and perfusion-weighted (PWI) imaging are
added to multivoxel 'H-MRS, whereas FDG-PET is eliminated. GKS
Gamma Knife radiosurgery

cases, which was probably caused by temporary BBB
alteration.

In general, it is clear that addition of functional and meta-
bolic investigations to structural MRI during regular follow-
up after intracranial radiosurgery allows detailed evaluation
of the time-evolving treatment effects and assessment of
their dynamics. However, the clinical significance of the
obtained information should be defined in further studies.

Tissue Sampling of Lesions Progressing
After Radiosurgery

Tissue investigation still represents the gold standard for pre-
cise characterization of brain lesions progressing after irra-
diation. However, the histopathological diagnosis can be
challenging, especially if performed on small biopsy
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Fig. 8 'H-MRS-detected
metabolic changes in an
intracranial metastasis of breast
cancer that initially showed
prominent volume reduction but
recurred at 6 months after GKS.
Note the presence of a mild
increase in choline-containing
compounds (Cho) and mobile
lipids (Lip) and a decrease in
N-acetylaspartate (NAA) at the
3-month follow-up before an
increase in tumor volume
(asterisks). At the time of
volumetric lesion progression,
there was some decrease in Cho
accompanied by an evident
decrease in NAA and creatine (Cr)
and an increase in Lip. Lac lactate
(Source: Chernov et al. [9])
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specimens. Various radiation-induced changes may be inter-
mixed with the neoplastic elements, or they may predomi-
nate in different parts of the mass. Identification of tumor
cells on the background of necrosis may raise a question on
their viability and proliferative potential. False-positive
results of MIB-1 immunostaining in quiescent tumors after
SRS have been reported [37]. As improved tissue sampling
can significantly facilitate a histopathological diagnosis,
functional or metabolic guidance with PWI, 'H-MRS, or
MET-PET and/or neurochemical navigation with 5-aminole-
vulinic acid seem quite reasonable in such cases during ste-
reotactic biopsy or open microsurgical resection.

Limitations of the Available Studies

The majority of available studies evaluating the various
neuroimaging modalities for identification and character-
ization of brain tumor progression after irradiation suffer
from significant methodological shortcomings. Thus, we
must be extremely careful when interpreting their results.
The main pitfalls typically include a retrospective design
and a relatively small number of cases, which does not
allow reliable determination of the specific cutoff levels
and thresholds of the various diagnostic parameters. In
many cases, the final decision on the nature of pathology is
based not on the histopathological examination but on

3

2 month follow-up

> ' 3 2 1| 3 2 7
3 month follow-up 6 month follow-up

reliance on some neuroimaging modality defined as the
gold standard or on a stable clinical course, the durations of
which varied from one series to another. If tissue sampling
was performed, the tissue was frequently obtained by ste-
reotactic biopsy. Hence, the obtained specimen might not
be representative of the whole lesion. Such inconsistencies
result in significant variability of the reported diagnostic
efficacy of the methods. Moreover, the absence of standard
methodologies for functional and metabolic investigations
and the differences in the equipment, methods of data eval-
uation (qualitative, semiquantitative, quantitative) and
investigated parameters (mean, maximum, and various nor-
malized values using subjectively defined ROIs) do not
permit straightforward comparison of the results obtained
in separate centers. These shortcomings create significant
challenges for directly introducing the reported techniques
into clinical practice without preliminary testing and
validation.

Future Perspectives

Introduction of the multimodal diagnostic approach requires
development of optimized radiological protocols for differ-
entiating tumor progression from radiation-induced changes
after SRS. The growing availability of multidetector CT and
high magnetic field MRI scanners, the development of new
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MRI sequences, and the search for more effective contrast
media and radioisotope tracers will significantly extend diag-
nostic options. Further advances of the fusion techniques and
hybrid imaging (e.g., PET-CT, PET-MRI) will improve effec-
tive lesion characterization, particularly when using methods
with limited spatial resolution. Frequent coexistence of the
viable neoplastic elements and postirradiation changes
should encourage studies directed at evaluating their relative
representation within the same lesion based on quantitative
assessment of the heterogeneity of the radiological findings
relevant to the histopathology and clinical course. Possible
usefulness of serial functional and metabolic neuroimaging
starting before SRS and continuing during the subsequent
follow-up for early prediction of response to treatment and
timely identification of tumor progression should be tested
prospectively with strict predetermined diagnostic criteria
and outcome measures. These investigations will require
development of advanced software workspaces for integrated
cross-correlated computer-aided analysis of the multiple data
undergoing spatial and temporal changes [59]. Wide intro-
duction of the results of such studies into routine clinical
practice cannot be attained without technical standardization
of the advanced neuroimaging modalities (e.g., perfusion
MRI, 'H-MRS). Finally, development of molecular imaging
techniques, particularly those based on amide proton transfer
MRI [36], may result in very effective noninvasive character-
ization of brain lesions after irradiation. Their practical
application in the future seems promising.

Conclusion

Differentiation of tumor progression from radiation-induced
effects after intracranial radiosurgery is challenging.
It includes complex evaluation of various clinical, radiosur-
gical, and radiological factors. Evaluating volumetric
changes by structural contrast-enhanced MRI seems
sufficient after low-dose SRS of benign intracranial tumors.
In such cases possible delayed growth arrest and transitory
enlargement of the lesion should be always borne in mind,
because usually they do not require additional treatment.
Multimodal neuroimaging with application of the various
functional and metabolic techniques is preferable in diag-
nostically difficult cases. Addition of DWI, perfusion stud-
ies, and '"H-MRS to regular structural MRI investigations
during follow-up after SRS of parenchymal brain tumors
allows detailed longitudinal assessment of the treatment
effects and, along with MET PET, provides valuable diag-
nostic information about progressing lesions. Finally, it
should be kept in mind that differentiating tumor recurrence
from radiation-induced effects after SRS does not indicate

whether to apply surgical treatment or reserve it. In fact,
resection of the lesion may be required for either condition.
If indicated, it should be performed under metabolic
guidance.
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