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   Abstract     The use of stereotactic radiosurgery (SRS) expanded to include the treat-
ment of vestibular schwannomas (VSs) in 1969; since then, efforts to increase 
tumour control and to reduce cranial neuropathy have continued. Using the cur-
rently recommended marginal dose of 12–13 Gy, long-term reported outcomes after 
SRS include not only excellent tumour control rates of 92–100 % but also outstand-
ing functional preservation of the trigeminal and facial nerves, with values of 
92–100 % and 94–100 %, respectively. Nonetheless, hearing preservation remains 
in the range of 32–81 %. Previous studies have suggested possible prognostic fac-
tors of hearing preservation such as the Gardner-Robertson grade, radiation dose to 
the cochlea, transient volume expansion (TVE) after SRS, length of irradiated 
cochlear nerve, marginal dose to the tumour, and age. However, we still do not 
clearly understand why patients lose their hearing after SRS for VS. 

 Relevant to these considerations, one study recently reported that the auditory 
brainstem response (ABR) wave V latency and waves I and V interval (IL_I–V) cor-
related well with intracanalicular pressure values and even with hearing level. The 
demonstration that ABR values, especially wave V latency and IL_I–V, correlate 
well with intracanalicular pressure suggests that patients with previously elevated 
intracanalicular pressure might have an increased chance of hearing loss on devel-
opment of TVE, which has been recognised as a common phenomenon after SRS or 
stereotactic radiotherapy (SRT) for intracranial schwannomas. 

 In our experience, the ABR IL_I–V increased during the fi rst 12 months after 
SRS for VSs in patients who lost their serviceable hearing. The effect of increased 
ABR IL_I–V on hearing outcome also became signifi cant over time, especially at 
12 months after SRS, and was more prominent in patients with poor initial pure- 
tone average (PTA) and/or ABR values. We hypothesise that patients with consider-
able intracanalicular pressure at the time of SRS are prone to lose their serviceable 
hearing due to the added intracanalicular pressure induced by TVE, which usually 
occurs within the fi rst 12 months after SRS for VSs. Using these fi ndings, we sug-
gested a classifi cation system for the prediction of hearing outcomes after SRS for 
VSs. This classifi cation system could be useful in the proper selection of manage-
ment modalities for hearing preservation, especially in patients with only hearing 
ear schwannoma or neurofi bromatosis type 2. 

 Advances in diagnostic tools, treatment modalities, and optimisation of radiosur-
gical dose have improved clinical outcomes, including tumour control and cranial 
neuropathies, in patients with VSs. However, the preservation of hearing function 
still falls short of our expectation. A prediction model for hearing preservation after 
each treatment modality will guide the proper selection of treatment modalities and 
permit the appropriate timing of active treatment, which will lead to the preserva-
tion of hearing function in patients with VSs.  

  Keywords     Stereotactic radiosurgery   •   Vestibular schwannoma   •   Hearing 
preservation   •   Intracanalicular pressure   •   Transient volume expansion   •   Auditory 
brainstem response  
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        Introduction 

 It was Harvey Cushing who, recognising the dire problems of haemorrhage during 
vestibular schwannoma (VS) surgery, compared the cerebellopontine angle with the 
corner fence at the Battle of Gettysburg and suggested that it might well be called 
the ‘bloody angle’ [ 93 ]. In his monograph ‘Tumors of the Nervus Acusticus and the 
Syndrome of the Cerebellopontine Angle’, published in 1917, he demonstrated how 
he was able to reduce the perioperative mortality associated with this surgery from 
72 %–84 % to 35 % and then to 10 % by employing the technique of intracapsular 
debulking [ 93 ]. Cushing’s results were a dramatic improvement on those of all of 
his predecessors. Nevertheless, his method of subtotal removal by intracapsular 
debulking inevitably resulted in a high recurrence rate, and his great rival of the 
time, Walter Dandy, soon espoused the philosophy of total tumour removal through 
a unilateral suboccipital approach [ 24 ]. 

 Despite these advances in VS surgery by two great surgeons, most of the neuro-
surgeons at that time were reluctant to recommend surgery until the tumours became 
very large. This approach, of course, resulted in a self-perpetuating cycle of poor 
clinical outcome. The operative results were indeed extremely poor when the 
tumours become large. Perioperative mortality was 20 % in a series of 130 cases, all 
of which had rather large tumours at the time of surgery [ 88 ]. In one series of partial 
removals, 60 % of the patients died of tumour recurrence within 4 years [ 34 ]. In 
Northfi eld’s 1970 series, the average tumour size was 3–4 cm at the time of surgery, 
and the perioperative death rate was as high as 16 % [ 83 ]. He recommended total 
extirpation of the tumours without procrastination at the fi rst attempt after review of 
his early experience of partial removal and secondary extirpation. However, the 
facial and auditory nerves incorporated into the tumour capsule were usually 
ignored, and the contiguity of the lower cranial nerves, which could consequently 
be damaged, rendered patients prone to disturbances of swallowing and to respira-
tory infections [ 83 ]. Preservation of the facial nerve was a matter of concern in only 
a few cases with small tumours, but auditory function was not of interest. Hearing 
preservation surgery for VSs has only recently become a popular concept on the 
strength of modern neurosurgical and neurophysiological advances. However, the 
functional hearing preservation rates are approximately 50–70 %, even if small VSs 
are in the safe hands of the experts [ 98 ,  115 ]. 

 In these circumstances, the use of stereotactic radiosurgery (SRS) has expanded 
to include the management of tumours in the ‘bloody angle’ using a bloodless treat-
ment method [ 64 ,  93 ]. Since the fi rst operation performed in 1951 by Lars Leksell 
[ 63 ], SRS, which originated from his idea of replacing the needle electrode with 
narrow beams of radiant energy, has been an effective alternative to conventional 
surgery in the management of inoperable intracranial tumours [ 39 ]. In his 1971 
article [ 64 ], Leksell wrote, ‘the lower marginal tumour dose and a rapid dose fall-off 
using the 50 % isodose line would make serious injury to the neighbouring struc-
tures unlikely’. Since the publication of his report, efforts to chase two hares in the 
management of VSs, namely, to increase the tumour control rate and reduce the risk 
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of cranial nerve injury, including hearing preservation, have continued. The results 
were in part as Leksell expected, however. Even with a lower tumour marginal dose 
of 12–13 Gy, numerous reports of long-term outcomes after SRS show not only 
excellent progression-free survival of 92–100 % but also outstanding preservation 
of the trigeminal and facial nerves in 92–100 % and 94–100 % of cases, respectively 
[ 18 ,  22 ,  45 ,  50 ,  59 ]. 

 The effi cacy of SRS, especially in relatively small tumours, created interest in 
hearing function. Nonetheless, hearing preservation still falls short of our expecta-
tions. The range of hearing preservation after SRS with long-term follow-up has 
been reported as 32–81 % [ 18 ,  22 ,  33 ,  45 ,  49 ,  57 ,  81 ]. Furthermore, the exact mech-
anisms of hearing loss after SRS for VSs are not yet understood. Thus, we will 
review the possible factors associated with hearing deterioration or preservation 
after SRS for patients with VSs and will suggest the hypothetical causes of hearing 
loss in patients with VSs after SRS based on our experience. We will also discuss 
possible methods to preserve hearing in patients with VSs after SRS.  

    Natural History of Vestibular Schwannomas and Hearing 
Outcomes 

 According to a population-based cohort study, the number of diagnosed VSs gradu-
ally increased from 7.8 to 23 VSs per one million population per year over approxi-
mately 30 years since 1976; since then, the incidence has gradually decreased to 19 
VSs per one million individuals [ 103 ]. After several decades during which the inci-
dence of diagnosed tumours increased due to easy access to neuroimaging and 
heightened symptom awareness among the general population, a peak seems to 
have been reached [ 103 ]. This levelling may refl ect an approximation of the true 
incidence of VSs in the general population [ 103 ]. 

 Microsurgery or SRS for VSs has been in use for decades with reasonably con-
vincing evidence of effi cacy albeit in the absence of randomised trials comparing 
these treatments with other treatment modalities, particularly the ‘wait-and-see’ 
strategy. One argument against the conservative management of VSs is the risk of 
progressive hearing deterioration over time, which cannot be reversed by any 
 treatment [ 104 ]. Advocates of hearing preservation microsurgery insist that if 
patients with small VSs and good hearing are not operated upon, their hearing could 
deteriorate and they might lose the opportunity to have their hearing preserved by 
microsurgery [ 104 ]. However, long gone are the days when the diagnosis of VS was 
followed by indiscriminate surgery on the assumption that the presence of the 
tumour represented a risk to life and function [ 11 ]. The initial enthusiasm for SRS 
or hearing preservation microsurgery for VSs and the assertions for effi cacy without 
toxicity have been replaced by a more sophisticated approach that combines a better 
understanding of the natural history of untreated VSs with clear recognition of what 
the treatment can achieve. 

J.H. Han et al.
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 Tumour size at diagnosis has decreased from a mean extrameatal diameter of 
approximately 30 mm in the mid-1970s to a mean diameter of 10 mm over the last 
several decades. The level of auditory function has also been improved from a mean 
pure-tone average (PTA) of 70 dB and a mean speech discrimination (SD) of 
30 %–48 dB and 60 %, respectively [ 103 ]. The improved hearing at diagnosis is 
even more evident when considering patients with 100 % SD at diagnosis. In 1976, 
3 % of the patients had modifi ed word recognition scoring class 0 compared with 
21 % in 2008 [ 103 ]. Auditory function has become a matter of concern, and various 
methods for hearing preservation have been developed and advanced in the manage-
ment of patients with VSs. 

 Most vestibular schwannoma ears have deteriorated hearing compared with the 
normal side; one study reported at least a 10-dB PTA difference in over 90 % of 
patients and at least 10 %-SD difference in 74 % of patients [ 104 ]. Of note, patients 
with even minor loss of SD at diagnosis (1–10 %) are more prone to lose good hear-
ing over the observation period than those with normal hearing function. The actual 
good hearing preservation rates of patients with even a minimal loss were 72 %, 
60 %, and 38 % after 1, 5, and 10 years, respectively, of the wait-and-see strategy 
[ 103 ]. In patients with modifi ed word recognition who scored class 0 hearing at 
diagnosis (SD = 100 %), 3 % had lost class 1 hearing at the fi rst year of observation, 
and 12 % and 31 % had lost class 1 hearing after 5 and 10 years of observation, 
respectively [ 103 ]. Therefore, patients in whom the process of hearing deterioration 
in VS ears has already begun at the time of diagnosis are prone to lose their hearing 
during the period of observation [ 5 ,  37 ,  105 ]. 

 In this context, the outcome of proactive treatment in patients with minimal hear-
ing defi cits at diagnosis should be compared with that of the wait-and-see strategy, 
especially in terms of whether proactive treatment can preserve good hearing or 
prolong the duration of good hearing in vestibular schwannoma ears. A recent meta- 
analysis showed better hearing preservation in patients treated with SRS compared 
with conservative management. However, that study did not provide evidence strong 
enough to permit clear conclusions, especially in the case of patients with small VSs 
[ 75 ], and further studies are mandatory in the near future. Reported hearing out-
comes after the wait-and-see strategy for VSs are summarised in Table  1 .

       Prognostic Factors Related to Hearing Outcome After 
Stereotactic Radiosurgery 

 Despite the many suggested possible prognostic factors related to hearing preserva-
tion, such as radiation dose to the cochlea and its structures, the occurrence of tran-
sient volume expansion (TVE) after SRS, the length of the irradiated cochlear nerve, 
marginal dose to the tumour itself, and age, it is not precisely known why patients 
often lose their hearing after SRS for VSs. This uncertainty regarding the exact 
mechanism of hearing loss after SRS may be one of the principal causes of 
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unsatisfactory hearing preservation. In the following section, the possible factors 
affecting hearing outcome are reviewed, and we suggest several hypothetical causes 
of hearing loss after SRS for patients with VSs based on our experience. 

    Tumour Control and Dose Prescription 

 Tumour control is the initial goal of SRS for VSs, and the effi cacy of SRS in tumour 
control has been proven over several decades even in the absence of randomised 
controlled studies [ 43 ,  76 ]. After achieving good tumour control, cranial nerve pres-
ervation, especially hearing preservation, became an important issue. The relation-
ship between tumour control and hearing preservation only received minor attention 
because of the very high rates of tumour control achieved using contemporary tech-
niques and dose guidelines for SRS. However, failure of tumour control after SRS 
directly results in hearing deterioration. In fact, all patients who experienced tumour 
recurrence during the follow-up period after SRS or stereotactic radiotherapy lost 
their initial useful hearing with tumour progression [ 23 ]. In most series of the natu-
ral history of VSs, tumour growth is also associated with an increased risk of hear-
ing deterioration [ 36 ,  38 ,  73 ,  106 ]. However, hearing deterioration can occur in the 
absence of tumour growth when the wait-and-see strategy is followed [ 94 ,  104 ]. 
Failure of tumour control after SRS may lead directly to ipsilateral hearing loss; 
however, tumour control does not guarantee preservation of the patient’s initial or 
useful hearing. 

 In the fi rst report by Leksell [ 64 ], the tumour control rate of SRS for VS was 
reported to be approximately 80 % using tumour marginal doses of 18–20 Gy at a 
50 % isodose line, and approximately 20 % of patients developed cranial neuropathies. 
Thereafter, the dose prescribed to the tumour margin gradually decreased to 12–13 Gy 
in an effort to avoid cranial neuropathies; now, with the aid of modern technology, 
tumour control rates have improved signifi cantly to 92–100 % [ 18 ,  45 ,  50 ]. 

 By decreasing the tumour marginal dose to 12–13 Gy, hearing outcomes have 
improved, but not to the same extent as other cranial neuropathies [ 18 ,  22 ,  33 ,  45 , 
 49 ,  57 ,  81 ]. Preservation of trigeminal and facial nerve function has improved to 
92–100 % and 94–100 % of cases, respectively [ 18 ,  22 ,  45 ,  50 ,  59 ]. However, 
improvement in hearing outcome after SRS with long-term follow-up still falls 
short of expectations; the range of post-radiosurgery hearing preservation has been 
reported as 32–81 % [ 18 ,  22 ,  33 ,  45 ,  49 ,  57 ,  81 ]. 

 In 2007, a useful hearing preservation rate of 74–77 % using a tumour marginal 
dose of 12–13 Gy was reported [ 18 ]. However, the authors of that study excluded 
patients who were followed up for less than 3 years. If these patients had been 
included in the analysis, the reported hearing preservation rate might be lower con-
sidering that most patients experience hearing deterioration within 2 or 3 years after 
SRS for VSs, as described by the same group [ 52 ]. Another study by the same group 
showed a useful hearing preservation rate of 71.4 %; however, the median follow-up 
duration was only 20 months [ 52 ]. Therefore, useful hearing preservation rates after 
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long-term follow-up of more than 5 years are estimated to be approximately 50 % 
or less [ 14 ,  22 ,  57 ], and rates differ according to follow-up duration and tumour 
parameters. The fact that hearing outcomes have not considerably improved, even 
with excellent tumour control rates, suggests that there may be underlying patho-
physiological mechanisms of hearing deterioration after SRS for VSs that differ 
from those in conservatively managed cases.  

    Radiation to the Temporal Bone Structures 

 Among the temporal bone structures that are known to be related to hearing func-
tion, the cochlea is at the centre of the dispute over hearing preservation after SRS 
for VSs. The fi rst attempt to link cochlear dose with hearing preservation outcomes 
after SRS for VSs was made by our Seoul National University Hospital (SNUH) 
Gamma Knife group in 2005; however, we could not fi nd any statistically signifi -
cant correlation [ 67 ,  86 ]. The fi rst report to demonstrate a signifi cant relationship 
between hearing preservation and cochlear dose was published in 2007 [ 77 ]. 
Thereafter, many studies reported similar fi ndings. The cochlear threshold dose 
most likely lies somewhere in the range of 4–5.33 Gy (Table  2 ) [ 9 ,  44 ,  52 ].

   Several issues should be considered when interpreting these results. First, 
cochlear threshold doses were evaluated in different parts of the cochlea or using 
different methods in various studies. For example, dose was evaluated either at a 
point within the cochlea or for the whole cochlea and as either the maximum dose 
or the mean dose to the cochlea [ 9 ,  52 ,  77 ,  109 ]; these differences in methodology 
have led to some debate concerning the results [ 59 ,  69 ]. 

 Second, a relationship between cochlear dose and hearing preservation has not 
been demonstrated in cases involving other intracranial benign tumours near the 
internal auditory canal (IAC), even when these tumours were treated with the same 
radiosurgical protocol [ 12 ,  58 ]. We recently determined that the useful hearing pres-
ervation rate after SRS for meningiomas near or extending into the IAC (para-IAC 
meningiomas) was as high as 97.6 % (41 of 42 patients preserved their useful hear-
ing) during the median follow-up duration of 48 months, even with a considerable 
radiation dose to the ipsilateral cochlea (the average values of maximal and mean 
cochlear dose were 6.3 ± 0.4 Gy [range, 3.1–13.1] and 4.6 ± 0.2 Gy [range, 2.2–9.6], 
respectively) [ 58 ]. Actually, one patient with para-IAC meningioma that was treated 
with maximal and mean cochlear doses of 6.9 Gy and 5.5 Gy, respectively, experi-
enced an improvement in hearing from 30 dB of PTA and 80 % of SD to 26 dB of 
PTA and 90 % of SD at 12 months after radiosurgery (Fig.  1 ) [ 58 ]. In another patient 
treated with maximal and mean cochlear doses of 11.5 Gy and 7.5 Gy, respectively, 
the initial useful hearing was preserved at 72 months after SRS for para-IAC menin-
gioma [ 58 ]. A similar fi nding was presented by an American group in patients with 
glomus jugulare tumours treated with SRS. Only one of eight patients with clinically 
serviceable hearing before SRS experienced hearing deterioration after SRS during 
the mean follow-up duration of 26 months, and three of the four patients who received 
a mean cochlear dose greater than 8 Gy suffered no hearing deterioration [ 12 ].
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   Third, the radiation sensitivity of the cochlea was determined in a study that 
proved the effi cacy and safety of intensity-modulated radiotherapy for paediatric 
patients with medulloblastoma [ 48 ]. The threshold cochlear dose in standard frac-
tionated radiotherapy was approximately 35 Gy, which represents approximately 
8 Gy of an equivalent radiosurgery dose. This indicates that the recently suggested 
guideline for the lowest threshold of 4 Gy may be too low [ 9 ,  44 ,  52 ,  109 ]. Therefore, 
the association between the cochlear dose and hearing outcomes after SRS for VSs 
most likely refl ects the dose-volume relationship between the radiosurgical dose 
and the intracanalicular tumour volume [ 28 ,  78 ].  
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  Fig. 1    A magnetic resonance imaging of a 47-year-old patient with a meningioma extending into 
the right internal auditory canal. The tumour volume was 5.6 cm 3 , and the pure-tone audiometry 
(PTA) threshold and speech discrimination scores (SDS) were 40 dB and 12 %, respectively, cor-
responding to Gardner-Robertson (G-R) class 3 ( a  and  e ). Gamma Knife radiosurgery was per-
formed. The maximal and mean cochlear radiation doses were 6.9 and 5.5 Gy, respectively. Six 
months later, the tumour volume was stable ( b ), and hearing function had improved to 30 dB of 
PTA and 80 % of SDS. Twelve months after radiosurgery, the tumour volume was 5.2 cm 3 , and the 
PTA threshold and SDS were 26 dB and 90 %, respectively ( c  and  f ). Twenty-four months after 
radiosurgery, the tumour had continued to shrink to 4.4 cm 3  ( d ) (Adapted from Kim et al. [ 58 ])       
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    Transient Volume Expansion, Intracanalicular Pressure, 
and Auditory Brainstem Response 

 Hearing outcomes after SRS for VSs differ from those after SRS for other tumours 
near the IAC, as mentioned above [ 12 ,  41 ,  58 ]. The cochlear threshold dose has no 
effect or a minimal effect on hearing outcomes after SRS for tumours near the IAC 
except VSs. The features of response after SRS for VSs could differ from those after 
SRS for other tumours near the IAC. One such response could be a transient volume 
increase, i.e. TVE, which has been recognised as a common phenomenon after SRS 
and after stereotactic radiotherapy (SRT) for intracranial schwannomas [ 3 ,  59 ,  89 ]. 
TVE has also been reported, but not as frequently as in schwannomas, after radio-
therapy for other intracranial benign tumours [ 16 ,  62 ]. Infi ltration by foamy macro-
phages, myxoid degeneration, and/or necrosis has been suggested as the underlying 
histopathological causes of TVE after SRS for VSs [ 51 ]. TVE has been reported to 
occur in 14–74 % of patients 6–16 months after SRS or SRT for VSs [ 3 ,  46 ,  53 ,  74 , 
 80 ,  91 ]. The wide range of its incidence could be caused by differences in the defi ni-
tion of TVE [ 59 ], the fractionation scheme of radiation therapy [ 111 ], and the method 
and timing of follow-up tumour measurements in various studies [ 59 ,  113 ,  114 ]. 

 TVE has been regarded as a remarkable feature of VSs after SRS because it often 
causes neurological aggravation [ 40 ,  91 ]. In addition, TVE has been considered one 
of the principal factors that is signifi cantly related to hearing deterioration after SRS 
for VSs [ 3 ,  59 ,  80 ], because the period of serviceable hearing loss after SRS often 
overlaps with that of the development of TVE after SRS for VSs [ 22 ,  52 ,  56 ]. TVE 
usually reaches its peak at 6 months after SRS and regresses 12–24 months after 
surgery. It is also known that most cases of post-SRS auditory neuropathy occur 
within 24 months, with a median onset of 6 months after SRS (Fig.  2 ). This fi nding 
suggests a possible relationship between post-radiosurgery hearing deterioration 
and TVE.

   The mechanism of hearing deterioration caused by TVE might be increased 
intracanalicular pressure resulting in compression of the intracanalicular path of the 
cochlear nerve, vascular compromise of the auditory apparatus, or accumulation of 
intralabyrinthine protein by obstruction of the cochlear pore [ 5 ,  61 ]. However, the 
association between TVE and hearing outcomes after SRS for VSs has been contro-
versial [ 59 ,  80 ,  112 ,  120 ], possibly due to differences in the defi nition of TVE. To 
exclude measurement error in the assessment of TVE, the increased volume should 
exceed the initial volume by at least 13–15 % for area-based manual volume mea-
surements, especially in small-volume tumours [ 113 ,  114 ]. In one study in which 
TVE was defi ned as ≥10 % increase in volume, TVE was not related to hearing 
outcomes [ 112 ]. However, in another study in which TVE was defi ned as ≥30 % 
increase in volume, TVE was signifi cantly associated with hearing deterioration 
after SRS for VSs [ 120 ]. TVE could therefore be correlated with hearing deteriora-
tion after SRS for small VSs, given a suffi cient threshold of ≥20 %. 

 Nonetheless, to directly prove a relationship between TVE and hearing outcomes 
after SRS for VSs, several issues should be resolved. The fi rst is whether pressure in 
the IAC can affect auditory function in the initial state before any treatment for VSs. 

Hearing Outcomes After Stereotactic Radiosurgery for Vestibular Schwannomas
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The second is whether a change in pressure in the IAC actually occurs after SRS for 
VSs, especially during the period of TVE. The last issue is whether the increased 
intracanalicular pressure is correlated with hearing deterioration after SRS for VSs. 

 During the period of the Second World War, several tests of auditory function, 
including Fowler’s alternate loudness balance test, Carhart’s test for tone decay, 
Bekesy audiometry, the short increment sensitivity index, and speech audiometry, 
were introduced, thus enabling the differentiation of neural and sensory deafness 
[ 93 ]. Currently, the most accurate auditory function test is the auditory brainstem 
response (ABR), with a quoted sensitivity of 98 %. It is certainly true that abnormali-
ties of the ABR are found in almost all proven cases of vestibular schwannoma [ 93 ]. 

 The mechanism by which the ABR is altered in the presence of VSs has been 
suggested to be compression of the auditory nerve in the internal auditory canal. 
Such compression has been shown to occur in an experimental animal model [ 17 , 
 37 ] and was also recently demonstrated in humans. The intracanalicular pressure 
was signifi cantly associated with the size of the tumour, which is confi ned only in 
the IAC [ 6 ,  61 ], and the intracanalicular pressure correlated well with the ABR val-
ues, especially wave V latency and the wave I and V interval. Overall, tumour 
growth has no signifi cant relationship to changes in ABR latency during conserva-
tive management [ 95 ]. Changes in intracanalicular pressure caused by changes in 
tumour features such as TVE, especially in the IAC, could be indirectly identifi ed 
using the ABR test after SRS for VSs. 
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  Fig. 2    This is a Kaplan-Meier plot of survival with serviceable hearing in patients with vestibular 
schwannoma. Until the last clinical follow-up, in total, 51 patients (42.9 %) lost their serviceable 
hearing. The median survival with serviceable hearing was 67 months after stereotactic radiosur-
gery (SRS). The actuarial rates of hearing preservation were 79.7 %, 68.5 %, 62.5 %, 59.9 %, and 
56.2 % at 6 months, 12 months, 24 months, 36 months, and 60 months, respectively, after SRS. The 
patients usually lose their serviceable hearing within 24 months after stereotactic radiosurgery for 
vestibular schwannomas (Adapted from Han et al. [ 41 ])       
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    Intracanalicular Pressure and Hearing Function 

 To test whether pressure in the IAC can affect auditory function, the initial state 
before any treatment for VSs should be evaluated. In one study [ 61 ], the intracana-
licular pressure was directly measured by insertion of a microsensor into the IAC 
before any tumour manipulation during VS surgery via a retromastoid suboccipital 
approach. And then, the authors evaluated a possible relation between the intra-
canalicular pressure and the preoperative and intraoperative baseline ABR values. 

 The range of intracanalicular pressure in VS ears was 0–45 mmHg with a mean 
value of 15.4 mmHg, and 63 % of VS ears had intracanalicular pressure greater than 
or equal to 10 mmHg. These results indicate that most patients had a signifi cant 
pressure difference between the IAC and the cerebellopontine angle cistern. 

 Patients with class A hearing as defi ned by the American Academy of 
Otolaryngology-Head and Neck Surgery [ 1 ] (AAO-HNS) (PTA < 30 dB, SD > 70 %) 
tend to have lower intracanalicular pressure than patients who have AAO-HNS class 
B hearing (PTA 30–50 dB, SD ≥ 50 %), although this difference did not reach sta-
tistical signifi cance [ 61 ]. However, the intracanalicular pressure of patients with 
class A hearing was signifi cantly lower than that of patients with AAO-HNS class C 
and D hearing (PTA > 50 dB, SD < 50 %) (Fig.  3 ) [ 61 ].

   As expected, the ABR wave V latency and wave I and V interval (IL_I–V) also 
correlated well with intracanalicular pressure values (Fig.  4 ) [ 61 ]. This fi nding sug-
gests that intracanalicular pressure can be indirectly estimated as a function of the 
ABR value in VS patients with testable hearing and especially in those with service-
able hearing.
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  Fig. 3    Bar graph demonstrating the correlation of preoperative auditory function and intracana-
licular pressure in 33 patients with intact hearing. Preoperative hearing was classifi ed based on 
American Academy of Otolaryngology-Head and Neck Surgery criteria. Patients with Class A 
hearing had lower intracanalicular pressures. Although the difference between Class A and Class B 
groups was not statistically signifi cant ( p  = 0.16), 12 patients with Class A hearing had signifi cantly 
lower intracanalicular pressures compared with 12 patients in the combined Class C and D group 
( p  = 0.03). Bars represent the standard error of the mean (Adapted from Lapsiwala et al. [ 61 ])       
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       Pre-radiosurgery Auditory Brainstem Response and Hearing Outcome 

 Recently, we summarised our experience in the management of patients with VSs 
who were treated with SRS in our institute between 1997 and 2011. Our studies are 
divided into two parts. The fi rst is based on data obtained between 1997 and 2009 
and addresses whether pressure in the IAC affects auditory function in the initial 
state before any treatment for VSs has been performed. The second assesses data 
collected between 1997 and 2011 and addresses whether a change in pressure in the 
IAC after SRS for VSs actually occurs, especially during the period of TVE. 

 Among 728 VS patients treated with SRS in our institute between 1997 and 
2009, 119 (16.3 %) patients with unilateral sporadic VSs who had serviceable hear-
ing underwent SRS as primary treatment and were given a pre-radiosurgery ABR 
test [ 41 ]. When ABR testing showed no response regardless of the level of hearing, 
the maximum values of the baseline ABR tests obtained in our cohort were coded 
for the ABR IL_I–V value. The median tumour marginal dose was 12 Gy, and the 
mean tumour volume was 1.95 cm 3 . The mean follow-up duration was 55 months. 
The actual rates of serviceable hearing preservation were 68.5 %, 62.5 %, 59.9 %, 
and 56.2 % at 12, 24, 36, and 60 months after SRS, respectively [ 41 ]. 

 According to a report by Lapsiwala et al. [ 61 ], pre-radiosurgery ABR IL_I–V 
values did not differ between Gardner-Robertson (G-R) class 1 and class 2 [ 32 ]; 
they were 4.79 ± 0.62 mS and 4.82 ± 0.60 mS, respectively ( p  = 0.743) (SNUH series, 
unpublished data). However, the initial ABR IL_I–V values of the ‘post- radiosurgery 
serviceable hearing preservation group’ were signifi cantly different from those of 
the ‘post-radiosurgery serviceable hearing loss group’ (4.67 ± 0.49 and 4.97 ± 0.71, 
respectively [ p  = 0.007]) (SNUH series, unpublished data). The results of multivari-
ate analysis of prognostic factors of serviceable hearing preservation indicated that 
the initial PTA score and the ABR IL_I–V value remain signifi cant and independent 
factors (HR, 1.072 [95 % CI, 1.046–1.098;  p  < 0.001] and 1.534 [95 % CI, 1.008–
2.336;  p  = 0.046], respectively) [ 41 ]. 

 The above fi ndings suggest that the intracanalicular pressure in some regions of 
schwannoma ears with a serviceable hearing level on the PTA exam is already 
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  Fig. 4    Graph 
demonstrating the 
correlation of 
intracanalicular pressure 
( ICaP ) measurements and 
the preoperative absolute 
latency of wave V in 20 
patients with VS 
( p  = 0.0001,  r  = 0.75) 
(Adapted from Lapsiwala 
et al. [ 61 ])       
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increased. This increased intracanalicular pressure at the time of SRS could play a 
role in the development of hearing deterioration after SRS for VSs by adding addi-
tional pressure to the intracanalicular pressure caused by TVE. Thus, it may be 
possible to predict hearing outcomes after SRS for VSs according to the presence of 
increased intracanalicular pressure, indirectly determined by the ABR value, at the 
time of SRS.  

    Post-radiosurgery Auditory Brainstem Response Changes and Hearing 
Outcome 

 We continued the analysis of the data to determine whether a change in the intra-
canalicular pressure after SRS for VSs actually occurs during the period of 
TVE. Changes in intracanalicular pressure were measured by follow-up ABR tests 
after SRS. Of 936 patients treated with SRS for VSs between 1997 and 2011, 141 
(15.1 %) with unilateral sporadic VSs who had serviceable hearing underwent SRS 
as a primary treatment and were also given pre-radiosurgery and one or more fol-
low-up ABR tests between 1997 and 2011 (SNUH unpublished data). For patients 
in whom ABR testing produced no response regardless of the level of hearing, the 
ABR IL_I–V values were coded in the same manner as mentioned previously. The 
mean tumour marginal dose was 12.1 Gy, and the mean tumour volume was 
1.94 cm 3 . The mean follow-up duration was 57.6 months. The mean initial PTA of 
the patients was 25.6 dB. The analyses were performed using the follow-up data 
obtained within the fi rst 12 months after SRS because TVE usually occurs within 12 
months after SRS and because tumour volume increases with TVE, usually reach-
ing a peak at 6 months after SRS and regressing during the 12–24 month period 
thereafter. 

 At 6 months post-radiosurgery, 33 (23.7 %, excluding 2 missing data points) 
patients lost their serviceable hearing (the ‘6-month hearing loss group’). G-R 
class 1 or class 2 was regarded as serviceable hearing. The mean value of the initial 
PTA in this group was higher than that of the patients whose serviceable hearing 
was preserved at 6 months post-radiosurgery (the ‘6-month hearing preservation 
group’) (34.73 dB vs. 22.59 dB,  p  < 0.001). The mean values of PTA decreased 
over time; they were 56.61 dB and 58.22 dB at 6 and 12 months after SRS, respec-
tively, in the ‘6-month hearing loss group’. The mean of the initial ABR IL_I–V 
values in the ‘6-month hearing loss group’ was also higher than that in the ‘6-month 
hearing preservation group’ (4.9242 mS vs. 4.7883 mS,  p  = 0.291); however, the 
difference did not reach statistical signifi cance. Interestingly, the mean ABR 
IL_I–V value in the ‘6-month hearing loss group’ increased over time, while that 
of the ‘6-month hearing preservation group’ increased at 6 months and then 
decreased to close to the initial level at 12 months after SRS. The difference in the 
mean ABR IL_I–V values of the two groups reached statistical signifi cance at 12 
months (5.2875 mS vs. 4.9427 mS at 6 months,  p  = 0.060; 5.2905 mS vs. 4.7032 
mS at 12 months,  p  = 0.001). A representative case is illustrated in Table  3  and 
Fig.  5 .
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  Fig. 5    Gamma Knife radiosurgery was performed using a tumour marginal dose of 12 Gy at 50 % 
isodose line for a 30-year-old woman with a vestibular schwannoma in the right side. The tumour 
volume of was 1.3 cm 3 , and the pure-tone audiometry (PTA) threshold and speech discrimination 
scores (SDS) were 36 dB and 80 %, respectively, corresponding to Gardner-Robertson (G-R) class 
2 ( a ). The interlatency of waves I and V on the auditory brainstem response (ABR IL_I–V) was 
4.87 mS before stereotactic radiosurgery ( e ). Six months later, the tumour volume increased to 
1.8 cm 3  ( b ) and the ABR IL_I–V also increased to 5.08 mS ( f ). However, her hearing function was 
slightly improved to G-R class 1. Twelve months after radiosurgery, the tumour volume decreased 
to 1.6 cm 3  ( c ) and interestingly the ABR IL_I–V also decreased to 4.79 mS ( g ). The hearing func-
tion was stable in the improved state as G-R class 1 at post-radiosurgery 12 months. And then the 
tumour volume gradually decreased until 24 months after radiosurgery to 0.9 cm 3  ( d )         

a

c d

b 
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    At 12 months after SRS, 41 (33.6 %, excluding 19 missing data points) patients 
reached an unserviceable hearing state. Changes in the ABR IL_I–V values of these 
patients over time showed similar patterns to those found at 6 months. The mean of 
the initial ABR IL_I–V values in the ‘12-month hearing loss group’ was signifi -
cantly higher than in the ‘12-month hearing preservation group’ (5.0300 mS vs. 
4.7095 mS,  p  = 0.008). Similar to the trend observed at 6 months, the mean of the 
ABR IL_I–V values in the ‘12-month hearing loss group’ increased over time; how-
ever, that of the ‘12-month hearing preservation group’ increased at 6 months and 
then decreased below the initial level at 12 months after SRS (5.2413 mS vs. 4.9146 
mS at 6 months,  p  = 0.065; 5.3425 mS vs. 4.6344 mS at 12 months,  p  < 0.001). The 
results are summarised in Table  4 .

e

f

g

Fig. 5 (continued)
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   Prognostic factors of hearing outcomes were analysed separately according to the 
patients’ hearing status at 6 months and at 12 months to determine the most signifi cant 
time-dependent factors within the fi rst 12 months after SRS. In the repeated analyses, 
 p  < 0.01 was regarded as signifi cant. Based on the results of multivariate analysis of the 
6-month data, only the initial PTA value was a signifi cant and independent factor for 
hearing loss (OR = 1.130; 95 % CI, 1.068–1.195;  p  < 0.001) (SNUH unpublished data). 
Changes in ABR IL_I–V between the initial and 6-month values also tended to increase 
the risk of hearing deterioration (OR = 2.038; 95 % CI, 0.952–4.361;  p  = 0.067); how-
ever, this association did not reach statistical signifi cance. The results from the multi-
variate analysis of 12-month data, the initial PTA (OR = 1.114; 95 % CI, 1.057–1.174; 
 p  < 0.001), the initial ABR IL_I–V value (OR = 8.799; 95 % CI, 2.678–28.91;  p  < 0.001), 
and the change of ABR IL_I–V between the initial value and the 12-month value 
(OR = 3.784; 95 % CI, 1.532–9.347;  p  = 0.004) were all signifi cant and independent 
factors associated with hearing outcome. The cochlear dose and overall tumour vol-
ume did not reach statistical signifi cance in the above two analyses. 

 In summary, ABR IL_I–V increased during the fi rst 12 months after SRS for VSs 
in patients who lost their serviceable hearing. Its effect on hearing outcome also 
became signifi cant over time, especially at 12 months after SRS, and was more 
prominent in patients with poor initial PTA and/or ABR values. We hypothesise that 
patients with considerable intracanalicular pressure at the time of SRS are prone to 
lose their serviceable hearing due to the added intracanalicular pressure resulting 
from TVE, which usually occurs within the fi rst 12 months after SRS for VSs.    

    Seoul National University Hospital (SNUH) Classifi cation 
for Prediction of Hearing Preservation After Stereotactic 
Radiosurgery for Vestibular Schwannomas 

 Based on our fi ndings that initial intracanalicular pressure and added pressure 
during the period of TVE are two principal factors associated with the possible 
mechanism of hearing loss in patients treated with SRS for VSs, we suggested a 

   Table 4    The values of the auditory brainstem response of the illustrated case   

 The 
wave I 
latency 
 (mS) 

 The 
wave III 
latency 
(mS) 

 The 
wave V 
latency 
 (mS) 

 The 
ABR 
IL_I–V 
 (mS) b  

 Pure- 
tone 
average 
(dB) 

 Speech 
discrimination 
score (%) 

 Gardner- 
Robertson 
class 

 Before 
SRS a  

 1.49  3.74  6.36  4.87  30  80  2 

 Post-SRS 
6 months 

 1.41  4.61  6.49  5.08  26  96  1 

 Post-SRS 
12 months 

 1.37  3.95  6.15  4.79  26  98  1 

   a Stereotactic radiosurgery 
  b The interlatency of waves I and V on the auditory brainstem response  
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classifi cation system for the prediction of hearing preservation after SRS for 
VSs [ 36 ]. 

 The most commonly used hearing level classifi cation systems are the G-R classi-
fi cation and the AAO-HNS guidelines [ 1 ,  32 ], which are based on PTA values and SD 
score. However, these two classifi cation systems are defi cient in the ability to predict 
the exact rates of hearing preservation among patients treated with SRS for VSs. In 
fact, 10.9–39.2 % of patients with hearing levels of G-R class 1 lose their hearing 
after such treatment. Conversely, hearing can be preserved in approximately 50 % of 
patients who have a hearing level of G-R class 2 after SRS for VSs [ 52 ,  55 ,  108 ]. 
These fi ndings cannot be explained only by the patients’ initial hearing levels, which 
has, however, interestingly been regarded as the most important factor related to 
hearing outcome after SRS for VSs. In addition, we could not predict which patients 
with G-R class 1 hearing will lose their hearing or which patients with G-R class 2 
hearing can preserve their serviceable hearing after SRS. This suggests that the 
underlying pathophysiology of hearing deterioration after SRS for VSs may depend 
on factors other than or in addition to those that determine baseline auditory function 
[ 41 ,  49 ,  52 ,  55 ]. 

 In these circumstances, we determined another prognostic factor, the initial 
 intracanalicular pressure measured as the initial ABR IL_I–V. Based on the two 
prognostic factors, the initial hearing level and ABR IL_I–V, we could propose a 
new classifi cation model to predict hearing outcomes after SRS for VSs using 
 classifi cation and regression tree analysis [ 41 ]. 

 Three nodes were identifi ed, the fi rst by an initial PTA score of 20 dB, the second 
by an initial ABR IL_I–V value of 5.225 mS, and the last by an initial PTA score of 
30 dB. On the basis of the terminal nodes, we categorised the patients into four 
groups (Table  5 ) [ 41 ]. The ratios of patients with serviceable hearing at distant 
 follow- up were 89.6 %, 64 %, 25.8 %, and 6.7 % for groups A–D, respectively. 
These results suggest that VS ears of patients with minimally deteriorated hearing 
before SRS have adequate space in the IAC for TVE and that the presence of this 
space can minimise increases in intracanalicular pressure. However, VS ears with 

   Table 5    Risk group splits based on the results of classifi cation and regression trees   

 Risk group 
 Number of 
patients 

 Patients with hearing 
preservation 

 % of hearing 
preservation 

 Group 
A 

 PTA ≤ 20 a   48  43  89.6 

 Group 
B 

 IL I–V < 5.225 mS and 
21 ≤ PTA ≤ 30 b  

 25  16  64.0 

 Group 
C 

 IL I–V < 5.225 mS and 
31 ≤ PTA ≤ 50 

 31  8  25.8 

 Group 
D 

 IL I–V ≥ 5.225 mS 
and 21 ≤ PTA ≤ 50 

 15  1  6.7 

  Adapted from Han et al. [ 41 ] 
  a The pure-tone average 
  b The interlatency of waves I and V on the auditory brainstem response  
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 considerable initial pressure before SRS, regardless of the hearing level, may not 
tolerate the increased pressure caused by TVE and may eventually lose their 
function.

   This classifi cation system could be useful in the proper selection of management 
modalities, especially in patients with only hearing ear schwannoma or neurofi bro-
matosis type 2, because the predictive value is superior to those of previous classi-
fi cation systems. However, further studies should be performed to validate this 
classifi cation system in a large population (Fig.  6 ).

       How to Preserve and Aid Hearing After Stereotactic 
Radiosurgery 

 The improved hearing level at diagnosis of VSs due to the advancement and easy 
accessibility of neuroimaging makes preservation of auditory function a matter of 
concern in the management of patients with VSs. Prediction of hearing preservation 
in each individual with VSs becomes very important. Especially in cases of neuro-
fi bromatosis type 2, hearing preservation is one of the important goals of treatment. 
Therefore, we should be well aware of the rescue therapies for VS ears that have 
begun to lose their auditory function. 

 It is truly a blessing that the incidence of patients with poor hearing levels in the 
contralateral ear compared with the VS ear is not high; its incidence is approximately 
1 % among patients with unilateral sporadic VSs [ 104 ], and neurofi bromatosis type 
2 is not common [ 85 ]. Unilateral hearing deterioration has been considered unlikely 
to contribute to a severe reduction in the quality of life of ordinary people with VSs 
[ 23 ,  35 ,  47 ]. However, based on our experience in the management of patients with 
VSs, most patients with unilateral hearing loss suffer from diffi culties in sound local-
isation and verbal communication under reverberation and background noise due to 
loss of the benefi ts of binaural hearing [ 65 ,  116 ]. Therefore, serviceable hearing 
preservation should be attempted in the management of patients with VSs. 

  Fig. 6    The chart illustrates 
the rates of serviceable 
hearing preservation in the 
SNUH classifi cation four 
groups based on a 
classifi cation and 
regression tree analysis of 
the groups (Adapted from 
Han et al. [ 41 ])       
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    Patient Selection 

 Proactive treatment of small VSs in patients with good hearing should be considered 
carefully because of the possibility of deterioration of serviceable hearing in the 
early period after treatment [ 103 ]. From this point of view, the wait-and-see strategy 
seems to be rational, but its outcome is often not desirable. Because most patients 
have some degree of hearing deterioration at the diagnosis of VSs, tumour growth 
during the observation period may directly result in hearing loss [ 103 ,  118 ]. 
Moreover, data from studies addressing various management approaches, including 
the wait-and-see strategy, hearing preservation microsurgery, and even SRS for 
VSs, show that the better the hearing at diagnosis, the greater the chance of hearing 
preservation [ 10 ,  99 ,  104 ]. 

 Two important decisions that affect hearing preservation in patients with VSs are 
the duration for which the wait-and-see strategy is continued and assessment of 
which patients are good candidates for proactive treatment. Tumour growth has typi-
cally been the endpoint of the wait-and-see strategy [ 8 ,  118 ]; however, it is not an 
ideal endpoint in terms of hearing preservation due to the deterioration of hearing that 
may occur regardless of tumour growth [ 104 ]. Tumour growth should be an indicator 
of active treatment only in patients whose hearing is already lost at diagnosis. 

 Less than 20 % of patients with VSs belong to AAO-HNS class 1 (PTA less than 
30 dB and SD score more than 70 %), and more than 90 % of such patients already 
show deteriorated hearing of more than 10-dB PTA difference compared with the 
normal side [ 103 ]. This indicates that most VSs patients are classifi ed as SNUH 
groups B–D. The tendency to hearing deterioration in VSs patients with minimal 
hearing loss at diagnosis is a very critical point because the chance of hearing preser-
vation decreases from approximately 90 % to 26 %–64 % once the PTA score increases 
to over 20 dB, i.e. SNUH classifi cation B–D, at the time of SRS [ 41 ]. A hearing level 
of PTA 20 dB may be used as an indicator of proactive treatment and as a clinical 
guideline to determine whether to actively treat after the wait-and-see period. 

 Another possible indicator of hearing outcome is the ABR value before 
SRS. Hearing outcome is generally very poor in patients treated with SRS for VSs 
who have ABR IL_I–V values over the threshold of 5.225 mS [ 41 ]. This value 
seems to be a threshold for proactive treatment because proactive treatment in 
patients with ABR IL_I–V values over 5.225 mS could shorten the duration of ser-
viceable hearing rather than preserve hearing. 

 In patients with small to large VSs with serviceable hearing, hearing preservation 
rates after hearing preservation microsurgery range widely (2–93 %) in recent studies 
depending on a number of parameters, including surgical approach, pretreatment 
hearing level, tumour size, and nerve of origin [ 54 ]. One of the most important points 
of hearing preservation microsurgery is the need to shorten the learning curve of an 
individual neurosurgeon or neuro-otologist [ 99 ]. Hearing preservation microsurgery is 
not easy in some cases, especially with gross total resection, because the cranial nerves 
are often intermingled with the tumour capsule or with the tumour itself [ 82 ,  99 ]. 

 SRS might be a superior tool for hearing preservation considering the shorter 
learning curve of the modality and the lower chance of damage to the cranial nerves 
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compared to hearing preservation microsurgery. In addition, a recent meta-analysis 
supports the superiority of SRS in hearing preservation in patients with VSs [ 76 ]. 
Each physician responsible for patients with VSs should apply the most suitable 
treatment before patients lose their good hearing of 20 dB or less. For patients who 
already have a hearing level of ≥21 dB, i.e. SNUH class B – D, multimodal or step-
wise approaches should be integrated to preserve their serviceable hearing.  

    Radiosurgical Planning 

 With respect to radiosurgical planning for VSs, several issues should be considered 
including tumour marginal dose, distortion of magnetic resonance imaging, and the 
use of fractionation. The recommended dose to the tumour margin has been 
decreased to 12–13 Gy to help avoid cranial neuropathies and produce improved 
tumour control rates [ 18 ,  45 ,  50 ]. However, one should keep in mind that use of a 
decreased radiation dose coupled with the possible distortion of magnetic resonance 
images could cause some VSs to receive less than the optimal dose [ 92 ], leading to 
a failure of tumour control and to hearing loss. The importance of the accuracy and 
conformity of the prescribed dose is also shown by the fact that tumour control rates 
have improved with advances in the neuroimaging techniques used in radiosurgical 
planning, even with a decrease in the tumour marginal dose to approximately half 
of the dose initially used by Leksell [ 64 ]. To avoid the effect of distortion of mag-
netic resonance imaging on accuracy and conformity, it might be essential to use 
fused images of magnetic resonance images obtained at high imaging resolution 
and computed tomography, which has minimal imaging distortion, in radiosurgical 
planning [ 60 ]. 

 Schwannomas are late-responding tissues with low proliferative indices and a 
low α/β ratio for the application of the linear quadratic formula [ 30 ,  66 ]. From a 
radiobiological point of view, better tumour control may be achieved with a single 
high dose of radiation than with multiple smaller doses [ 67 ], and normal brain spar-
ing also favours single-fraction treatment for lesions with a low α/β ratio [ 72 ]. 
However, high-dose irradiation using a single fraction may result in a higher inci-
dence of TVE, which may lead to poor hearing outcomes compared with SRT per-
formed using multiple fractionations [ 111 ]. Therefore, fractionation techniques for 
VSs may yield equivalent or improved hearing preservation rates by reducing the 
chance of TVE [ 23 ,  29 ]. However, no comparative studies of hypo-fractionated SRS 
using 2–5 fractions vs. low-dose single-fraction SRS have been performed.  

    How to Manage Transient Volume Expansion and Tumour Growth 

 TVE is a common phenomenon after SRS for VSs [ 3 ,  59 ,  89 ]; it is caused by tumour 
cell necrosis or apoptosis and vascular damage [ 107 ]. Loss of central enhancement 
on magnetic resonance imaging has been regarded as a representative neuroimaging 
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feature of TVE and as a reliable indicator of tumour control [ 20 ,  70 ]. However, this 
is not always the case [ 111 ]. It is important to differentiate TVE from real tumour 
growth. The apparent diffusion coeffi cient values may be useful in differentiating 
TVE from tumour growth; however, their use is limited in VSs in the IAC [ 19 ]. 

 As mentioned above, TVE may result in increased intracanalicular pressure and 
compression of the cochlear nerve, which can ultimately result in hearing deteriora-
tion, especially in patients in whom the IAC of the schwannoma ear does not have 
adequate space to buffer the increased intracanalicular pressure, i.e. SNUH class D 
patients. Currently, there are no proven rescue management approaches for VS 
patients showing hearing deterioration after SRS. Nonetheless, several possible 
methods to preserve or aid hearing in such patients are reviewed and discussed. 

    Corticosteroids 

 Although the specifi c action of steroids on the auditory apparatus is uncertain, their 
use has been based on their ability to decrease infl ammatory reactions and neural 
oedema [ 4 ,  96 ,  117 ]. Thus, steroids might reduce compression of the acoustic appa-
ratus and vascular structures by TVE after SRS for VSs [ 4 ,  56 ,  78 ,  96 ]. Notably, 
Sakamoto et al. [ 96 ] reported that hearing recovery occurred in all 8 patients who 
had experienced a hearing loss within 1 year after SRT for VSs. These patients were 
treated with a mean 30-mg daily dose of prednisone for approximately 2 weeks, and 
the degree of hearing recovery was approximately 10 dB. 

 However, our data refl ect a somewhat different fi nding. Based on our experience, 
the administration of corticosteroids merely alleviates the deterioration in hearing 
compared with the historical control group [ 56 ]; in our study, the mean PTA score 
of the treated patients was signifi cantly lower than that of the control group at  distant 
follow-up. The difference in the mean PTA was approximately 12 dB; nonetheless, 
no benefi t was gained in terms of serviceable hearing preservation. These confl ict-
ing results might be caused by differences in the initial PTA scores and in the 
patients’ ages in the Hokkaido University series and our series; mean values for 
these parameters were 24 dB vs. 30 dB and 39 years vs. 49 years, respectively. 

 Two possibly more important points relevant to the different fi ndings of these 
two studies are the method and timing of detection of hearing deterioration after 
SRS. The Hokkaido University group did not use corticosteroids in patients who 
already had practically useless hearing levels; in these patients, very low hearing 
levels were regularly found at every 3-month-interval follow-up evaluation. In con-
trast, we advised patients to immediately visit our clinic when they experienced a 
decrease in hearing level, and corticosteroids were given to all patients regardless of 
their hearing levels. The range of the PTA scores at visiting our clinic was wide, 
from 32 to 60 dB. The administration of corticosteroids might play a role in hearing 
preservation if it is performed for the appropriate patients (those with relatively 
good hearing) at the appropriate time, when hearing deterioration just begins. 
Recently developed smartphone-based ear-level pure-tone hearing test applications 
will make future studies more reliable and effi cient [ 42 ]. 
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 According to our data on post-radiosurgery ABR changes, the mean of the ABR 
IL_I–V values in the post-radiosurgery 12-month unserviceable hearing group 
increased over time; however, that of the post-radiosurgery 12-month serviceable 
hearing group increased at 6 months and then decreased below the initial level at 12 
months after SRS (5.2413 mS vs. 4.9146 mS at 6 months,  p  = 0.065; 5.3425 mS vs. 
4.6344 mS at 12 months,  p  < 0.001). A similar fi nding was obtained in the analysis 
of the post-radiosurgery 6-month unserviceable and serviceable groups. This sug-
gests that there might be a threshold of intracanalicular pressure as measured by the 
ABR value over which the hearing level cannot be restored; based on our data, this 
threshold could be near an ABR IL_I–V value of 5.000–5.225 mS. 

 Another point is whether a short-term (usually 2 weeks) use of corticosteroids 
can render the auditory apparatus able to tolerate a nearly 1-year period of standing 
pressure caused by TVE [ 4 ,  78 ,  96 ]. The dose of corticosteroids also should be 
evaluated and further compared with the doses used in patients with idiopathic sud-
den hearing loss [ 7 ,  117 ].  

    Decompression of the IAC 

 In terms of rescue therapy for hearing preservation after TVE, decompression of the 
IAC is another possible option. Slattery et al. [ 102 ] reported successful clinical out-
comes of middle fossa decompression for hearing preservation in patients with only 
hearing ear schwannomas, including more than 90 % of neurofi bromatosis type 2 
patients. The use of this procedure preserved the hearing level in patients who had 
exhibited signifi cant declines in hearing for a mean duration of approximately 2 
years before being considered for middle fossa decompression. In addition, decom-
pression can delay the need for further treatments that could result in the loss of hear-
ing for over 40 months [ 31 ,  102 ]. Additionally, it is of great signifi cance that most of 
the patients maintained serviceable hearing, though clinically insignifi cant loss of 
hearing developed, seemingly caused by surgical injury to the auditory apparatus. 

 Of note, patients who failed to preserve their preoperative hearing class appar-
ently had poor hearing levels (≥50 dB) compared with a mean PTA of 40 dB in 
other patients [ 102 ]. A close reading of our SNUH classifi cation reveals that the 
difference in hearing preservation rates between class B and C is large [ 41 ], which 
suggests a probable threshold PTA score between 30 and 50 dB. ABR values could 
provide additional information on decisions regarding the timing of intervention. 

 The effect of decompression of the IAC, which leaves the tumour itself, eventu-
ally abates in approximately 2 years because pathologies related to hearing loss, as 
well as tumour growth, progress over time after surgery [ 95 ,  106 ]. TVE has been 
known to persist for 1 or 2 years after its development [ 3 ,  46 ,  53 ,  74 ,  80 ,  91 ]. 
Therefore, the effect of decompression of the IAC for increased pressure due to 
TVE after SRS might be suffi cient to produce a semipermanent effect. 

 In cases that show no response to corticosteroids for hearing deterioration due to 
TVE, decompression of the IAC could be considered. The middle fossa approach is 
safe and offers a better quality of postoperative hearing after resection of VSs than 

Hearing Outcomes After Stereotactic Radiosurgery for Vestibular Schwannomas



28

other approaches [ 84 ]; however, selection of the approach primarily depends on 
individual anatomical considerations and the surgeons’ experience.  

    Chemotherapy 

 In patients whose tumour size increases not due to TVE but by recurrence, there are 
not many management options for hearing preservation. Decompression of the IAC 
with or without internal debulking of growing tumours is one, and systemic chemo-
therapy might be another. Recently, the expression of vascular endothelial growth 
factor (VEGF) in schwannoma cells has been demonstrated especially in neurofi -
bromatosis type 2 cases, and morphometric analysis has revealed a greater micro-
vascular density, a larger vessel diameter, and a larger perimeter in schwannomas 
than in normal nerves [ 90 ]. Anti-VEGF therapy normalises the vasculature of 
schwannomas and successfully controls the growth of these tumours in an animal 
model, most likely by re-establishing a natural balance between VEGF and sema-
phorin 3 signalling [ 119 ]. In humans, anti-VEGF therapy reduced the volume of 
growing VSs in nine of ten neurofi bromatosis type 2 patients, improved hearing 
function in four patients, and stabilised it in two of seven patients [ 25 ,  90 ]. 

 Patients with a hearing response who were on anti-VEGF therapy showed pro-
gressive improvement in word recognition; this improvement usually began approx-
imately 8 weeks after the initiation of chemotherapy and continued to improve for 
as long as 16 months [ 90 ]. The improved hearing was robust for 11–16 months with 
a median duration of treatment of 12 months (range, 3–19). The mechanism of 
improvement seems to be reduction in intraneural oedema as well as tumour shrink-
age. Of 9 tumours that shrank after anti-VEGF treatment, six had an imaging 
response. Interestingly, a strong correlation was observed between the mean appar-
ent diffusion coeffi cient at baseline within tumours and the per cent decrease in 
tumour volume at 3 months, which could provide a potential neuroimaging marker 
for volumetric response to anti-VEGF therapy [ 90 ]. However, VEGF-mediated 
angiogenesis in schwannomas is not yet fully understood, and drawbacks to this 
therapy are that it is limited in neurofi bromatosis type 2 patients and lengthy and 
expensive until now.   

    Hearing Aids 

 In patients whose hearing deterioration continues over a possible threshold of the 
ABR IL_I–V, the use of corticosteroids, decompression of the IAC, and anti-VEGF 
therapy may rescue their hearing. Notwithstanding these rescue efforts, serviceable 
hearing may be lost eventually. In these situations, hearing aids could be helpful in 
improving the quality of daily life. There are several types of hearing aids that can be 
considered for patients with hearing loss after treatment for VSs, including a bone-
anchored hearing aid (BAHA), cochlear implants, and auditory brainstem implants. 
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 BAHA, a new type of bone conduction hearing device, has now become widely 
accepted for patients with conductive or mixed hearing loss as an alternative to a 
conventional air-conduction hearing aid [ 26 ]. Although directional hearing remains 
a problem for BAHA patients with unilateral hearing loss, its application has 
become popular [ 26 ,  65 ]. 

 To place a cochlear implant, VS patients should undergo microsurgery with 
preservation of the cochlear nerve. However, neurofi bromatosis-related schwan-
nomas usually invade and grow within the cochlear nerve [ 68 ], and sporadic 
schwannomas may present the same situation as they grow. Identifi cation of the 
surgical plane between the tumour and the cochlear nerve is demanding [ 97 ,  99 , 
 100 ]; moreover, cochlear nerve function is not always preserved in spite of ana-
tomical preservation of the nerve [ 79 ]. Nonetheless, the results of cochlear implan-
tation in VS patients are promising [ 13 ,  15 ]. Approximately 70 % of patients 
achieve open-set speech discrimination, many scoring at the ceiling of audiometric 
testing [ 13 ]. This implies that a moderate injury that can cause hearing loss may 
still allow electrical transmission of the stimulus. Such transmission can be evalu-
ated by electrical promontory stimulation [ 13 ,  15 ]. It is also interesting that cochlear 
implantation after SRS or SRT showed good results in a select group of patients 
with VSs [ 71 ,  110 ]. 

 Lack of bilateral auditory function should be considered an indication for audi-
tory brainstem implantation. Especially in neurofi bromatosis type 2 patients, audi-
tory brainstem implantation directly after tumour removal is a safe procedure and 
offers the best means of hearing rehabilitation if the cochlear nerve is not preserved 
[ 21 ,  101 ]. However, the results in neurofi bromatosis type 2 cases in the literature 
are poor compared with the results of cochlear implantation [ 2 ,  15 ,  21 ,  87 ,  101 , 
 110 ]. If a cochlear implant is possible, it is preferable compared to auditory brain-
stem implantation. The majority of indicated patients have benefi tted from audi-
tory brainstem implantation during daily life, particularly in combination with lip 
reading [ 101 ].   

    Conclusion 

 Advances in diagnostic tools and treatment modalities and the optimisation of 
radiosurgical dose have improved clinical outcomes, including tumour control and 
cranial neuropathies, in patients with VSs. However, preservation of hearing func-
tion still falls short of our expectations. A prediction model for the hearing preserva-
tion potential of each treatment modality will guide the proper selection of treatment 
modalities and the appropriate timing of active treatment, which will lead to 
improved hearing function in patients with VSs. In particular, patients with pre- 
radiosurgery good hearing levels and favourable initial values of the ABR test may 
have excellent hearing outcomes after SRS for VSs. 

 Notwithstanding these fi ndings, most neurosurgeons and neurologists are still 
reluctant to recommend treatment until hearing deteriorates or is lost. This approach, 
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of course, could result in a self-perpetuating cycle of poor clinical hearing outcome. 
Most studies, including natural history data, hearing preservation microsurgery 
data, and hearing outcome data after SRS, have shown that early management of 
VSs in patients with good hearing level can result in good hearing outcomes.     
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   Abstract     The implementation of fi ber tracking or tractography modules in com-
mercial navigation systems resulted in a broad availability of visualization possibili-
ties for major white matter tracts in the neurosurgical community. Unfortunately the 
implemented algorithms and tracking approaches do not represent the state of the 
art of tractography strategies and may lead to false tracking results. The application 
of advanced tractography techniques for neurosurgical procedures poses even addi-
tional challenges that relate to effects of the individual anatomy that might be altered 
by edema and tumor, to stereotactic inaccuracies due to image distortion, as well as 
to registration inaccuracies and brain shift.  

  Keywords     Diffusion modeling   •   Diffusion-weighted magnetic resonance 
imaging   •   Fiber tracking   •   Functional navigation   •   Major white matter tracts   • 
  Tractography  

        Introduction 

 Diffusion-weighted magnetic resonance imaging (DW-MRI) is a noninvasive imaging 
technique providing information about the microstructure of the brain in vivo. It is 
based on measuring the direction-dependent diffusion of water molecules, i.e., it 
depicts differences in tissue anisotropy. Diffusion is anisotropic, i.e., orientation- 
dependent, in areas with a strong aligned microstructure, like major white matter 
tracts. 

 DW-MRI has been increasingly used in imaging neuroscience over the last 
decade. An early form of this technique, diffusion tensor imaging (DTI) was rapidly 
implemented by major MRI scanner companies as a scanner selling point. Due to 
the ease of use of such implementations, and the plausibility of some of their results, 
DTI was leapt on by imaging neuroscientists who saw it as a powerful and unique 
new tool for exploring the structural connectivity of the human brain. However, DTI 
is a rather approximate technique, and its results have frequently been given implau-
sible interpretations that have escaped proper critique and have appeared mislead-
ingly in journals of high reputation [ 31 ]. 

 Despite the wealth of publications, performing clinical research using DW-MRI 
is absolutely not straightforward. There is a plethora of available processing and 
analysis methods for DW-MRI, including multiple software platforms, data mod-
els, algorithms, and philosophies. Complicating the picture further, changes in the 
most commonly measured quantities are not specifi c to particular brain pathol-
ogy. It is clear we can measure statistically signifi cant brain changes with 
DW-MRI, but what do they mean? Today, the chief pitfall in applying DW-MRI 
to clinical research may well be the challenge of understanding and interpreting 
its meaning [ 53 ]. 

 Tractography is the name given to any computational method that attempts to 
reconstruct white matter fi ber tracts or “trace brain connections” based on DW-MRI 
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data. Accurately estimating the course of the brain’s connections from DW-MRI is 
a diffi cult technical problem; therefore many methods for performing tractography 
have been developed [ 29 ,  53 ]. 

 Most neurosurgical publications applying tractography techniques to real-world 
surgical procedures are dealing with DTI-based tractography approaches, despite 
that the DTI-based approach has several methodological limitations and pitfalls that 
may explain the failure of tractography in a clinical setting. Visualization of major 
white matter tracts has become routine in many neurosurgical centers due to the 
broad availability of free tractography software packages and integration of tractog-
raphy algorithms in commercial navigation systems [ 14 ,  47 ,  51 ]. There are various 
reports on the benefi cial effects of tractography techniques in several different neu-
rosurgical procedures ranging from glioma surgery, surgery for vascular lesions, 
epilepsy surgery, and deep brain stimulation procedures [ 57 ]. However, there are 
also several reports and comments that emphasize that these techniques should not 
be used in the surgical environment uncritically [ 20 ,  21 ]. 

 It is beyond this review to give a comprehensive overview on DW-MRI and trac-
tography methods; it is rather the aim to show some examples for potential pitfalls 
of tractography techniques and to nevertheless provide some advice and how these 
techniques can be applied in a neurosurgical setting as well as to encourage to apply 
advanced DW-MRI and tractography methods.  

    DTI-Based Tractography 

 In 1994 the tensor model was introduced to describe the diffusion properties of 
water in white matter [ 6 ]. With DTI it was possible to noninvasively measure the 
organization and integrity of white matter fi bers by quantifying the movement of 
water molecules inside the tissue. The tensor model was the simplest and probably 
most elegant way to characterize the diffusion, requiring only six parameters to be 
estimated. Understandably, the tensor model oversimplifi es the underlying neuro-
anatomy. Thus it is important to interpret results derived from the tensor model with 
care [ 63 ]. 

    Visualization 

 For visualization of these tensors, glyphs, generally defi ned as small visual repre-
sentations of multivariate information, in the shape of ellipsoids were used. Isotropic 
diffusion can be represented as a sphere, whereas anisotropic diffusion is expressed 
as an ellipsoid, with the water molecules moving along the long axis of a fi ber 
bundle and less movement perpendicularly. The ellipsoid can capture directionality 
and magnitude of all three eigenvectors. Tensors of rank two would be suffi cient to 
describe the directionality of a voxel if the contents were all aligned in the 

Merits and Limits of Tractography Techniques for the Uninitiated



40

individual voxel. However, mapping a single tensor at each voxel is not suffi cient to 
describe more complex fi ber confi gurations and is in fact misleading [ 42 ].  

    Tractography 

 Soon after the introduction of the tensor model describing the diffusion behavior, 
tractography algorithms were proposed to reconstruct 3-D trajectories of major 
white matter tracts. The basic aim of tractography is to compute paths through the 
directional information that is visualized using glyphs [ 7 ,  17 ,  32 ,  44 ]. 

 Tractography is probably the most clinically appealing and understandable tech-
nique for representing major white matter tracts in the neurosurgical context. 
Various tracking algorithms which compare local tensor fi eld orientations measured 
by DTI from voxel to voxel have been developed, allowing a noninvasive tracing of 
large fi ber tract bundles in the human brain. 

 DTI gained a wide clinical application in brain tumors, spinal cord diseases, epi-
lepsy, diffuse axonal injury, multiple sclerosis, Alzheimer disease, and ischemic stroke; 
for an overview, see [ 38 ]. DTI tractography was established in the clinical routine in 
neurosurgery in the last decade. This was facilitated due to multiple free software 
packages, as well as the integration of tractography modules in the major commercial 
navigation software systems, so that DTI-based tractography has gained a broad appli-
cation in neurosurgery [ 23 ]. DTI tractography provides information about the course, 
the displacement, or interruption of white matter tracts around a tumor, and a widening 
of fi ber bundles due to edema or tumor infi ltration can be detected.  

    Deterministic/Probabilistic Tractography 

 There are several principally different approaches to reconstruct major white matter 
tracts. Most tractography algorithms in common use rely on line propagation tech-
niques to delineate white matter pathways. This general class of methods is also 
often referred to as deterministic streamline fi ber tractography. These rely on the 
identifi cation of a suitable position from which to initiate the algorithm (the seed 
point), the propagation of the track along the estimated fi ber orientation, and the 
termination of the track when appropriate termination criteria are met. 

 Noise in the DW-MRI measurements will inevitably introduce uncertainty in the 
estimated fi ber orientations, which may in turn introduce errors in the delineated 
pathway. These errors can lead to completely different connections being identifi ed, 
as a small error at one point in the track can cause the algorithm to enter and follow 
a different white matter pathway. Unfortunately, deterministic tractography algo-
rithms only provide a single estimate of the path of white matter fi bers from each 
supplied seed point, without any indication of the confi dence interval that can be 
placed around this estimate. Probabilistic tractography algorithms attempt to 
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address this limitation by providing their results in the form of a probability distri-
bution, rather than a single “best fi t” estimate. It should be emphasized that proba-
bilistic methods are not more “accurate” than their deterministic counterparts, as 
they rely on the same underlying model. Many probabilistic tractography methods 
are based on deterministic techniques and hence suffer from the same limitations. 
As with deterministic approaches, manual guidance such as region of interest 
(ROI)-based editing may be needed to ensure the validity of the probabilistic results. 
The main benefi t of probabilistic approaches, however, is that they can provide an 
estimate of the “precision” with which a tract pathway has been reconstructed. It is 
also critical to emphasize that the probability values produced by these algorithms 
are in no way related to the “connectivity” (e.g., number of axons) of the corre-
sponding white matter pathways; they merely refl ect the confi dence that the particu-
lar connection of interest exists [ 63 ]. 

 Compared to deterministic approaches in which the estimated fi ber orientation 
(e.g., direction of maximum diffusivity for the tensor model) is assumed to repre-
sent the best estimate to propagate streamlines, probabilistic methods generate mul-
tiple solutions to refl ect also the variability or “uncertainty” of the estimated fi ber 
orientation. These methods, therefore, provide additional information on the repro-
ducibility of each tractography reconstruction by mapping the intrinsic uncertainty 
of individual diffusion data sets. The magnetic resonance noise, partial volume 
effects, and inaccuracy of the chosen diffusion model mainly drive the uncertainty 
quantifi ed by probabilistic tractography. Therefore, the probability of individual 
maps should not be considered as a direct measure of the anatomical probability of 
the tract. Indeed, in some cases trajectories based on artifacts can have high proba-
bility similar to true anatomical pathways. Ultimately, in datasets without noise, 
both deterministic and probabilistic approaches based on the same diffusion model 
would generate identical tractography maps [ 18 ]. 

 A common misconception in the clinical setting is that the problems experienced 
using DTI-based tractography methods can be addressed by the application of more 
complex fi ber tracking algorithms to fi ber orientations estimated using the tensor 
model. The direct comparison of tensor-based data analyzed using a deterministic 
algorithm versus a probabilistic algorithm emphasizes that, while there remain 
some advantages to using probabilistic algorithms, the application of such an algo-
rithm cannot compensate for fundamental limitations of the fi ber orientation esti-
mates obtained using the tensor model. The probabilistic tractography remains 
limited by the poor-quality fi ber orientation information provided by the diffusion 
tensor model and does not alone provide an acceptable clinical solution [ 22 ].  

    Initial Neurosurgical Application 

 Bringing tractography techniques to neurosurgical applications the primary attempt 
was the visualization of the pyramidal tract, since the pyramidal tract represents the 
largest tract system, that should be traceable most easily and that should be most 
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robust against tracking errors. DTI tractography was increasingly used in the resec-
tion of both high- and low-grade gliomas [ 1 ,  19 ]. More complex situations include 
the visualization of the optic radiation and the complex language tract system [ 12 ].  

    Challenges in Tractography 

 To highlight the aspects of challenges of tractography strategies that apply also for 
the clinical setting, some aspects of the reconstruction of the pyramidal tract are 
detailed as most practitioners feel that it is the easiest traceable structure. The place-
ment of seed regions becomes crucial for reconstruction of complex tract systems, 
even for the most prominent tract system, the pyramidal tract. This is of importance 
as emphasized by Kamali et al.: Many DTI studies seed the ROIs for tractography 
of the corticospinal tract at the pons and higher levels including the midbrain, inter-
nal capsule, or motor cortex. These studies mix the corticospinal and corticoponto-
cerebellar tracts specifi cally the frontopontocerebellar tract which runs side by side 
with the corticospinal tract and inserts into the motor cortex. By adding a ROI below 
the level of the pons, for example, at the pontomedullary junction or medulla, the 
corticopontocerebellar pathways will be excluded as they have already crossed to 
the contralateral cerebellum at the level of the pons. In vivo depiction of three- 
dimensional anatomy of the major white matter tracts by fi ber tracking is becoming 
more commonly used in preoperative and intraoperative planning of lesions located 
close to these eloquent brain structures to avoid postoperative defi cits. It is very 
important to realize that even small misplacement of the ROI for the tracking algo-
rithm may result in signifi cantly different reconstructed fi ber tracts. Better under-
standing of technical limitations and accurate placement of ROIs to distinguish the 
complex anatomical relationships between fi ber tracts are essential to avoid confus-
ing the neighboring fi ber bundles with variant physiologic signifi cance [ 33 ]. 

 The challenges facing DTI tractography of the corticobulbar tract have been the 
crossing fi bers at the white matter of the superior corona radiata at the centrum 
semiovale just lateral to the lateral ventricles. At the centrum semiovale, there is a 
heavy load of fi ber bundles directed in the anterior–posterior orientation such as the 
superior longitudinal fasciculus intersecting with the vertically oriented ascending 
and descending fi ber bundles. These crossing fi bers result in intra-voxel orientation 
heterogeneity, which lowers the sensitivity and specifi city of both probabilistic and 
deterministic tractography algorithms. Complex fi ber architecture within the voxel 
may result in abrupt abortion of the tractography algorithm (false-negative result) or 
creation of incorrect fi ber bundles as a result of switching to adjacent fi ber tracts 
(false-positive result) due to the crossing and kissing fi ber phenomenon. This phe-
nomenon has been a major obstacle for tractography of the corticobulbar tracts in 
DTI studies using the single-tensor model. Since the corticobulbar tract projects to 
the lateral aspect of the motor cortex, the neurons have to bend laterally at the cen-
trum semiovale; hence crossing fi bers become the major issue for fi ber tracking of 
the corticobulbar tract. The same issue has been a major obstacle in the way of study 
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of the lateral projections of the corticospinal tract corresponding to the somatotopic 
distribution of the motor cortex related to the arms and face using single-tensor 
tractography model [ 33 ].  

    Further Limitations 

 Despite of its fundamental limitations, DTI-based tractography is still the most 
widely applied tractography method in neurosurgical settings to delineate major 
white matter tracts. Correct identifi cation of areas of fi ber crossings is not possible 
by standard DTI because of its inability to resolve more than a single axon direction 
within each imaging voxel. Techniques, that can resolve multiple axon directions 
within a single voxel, try to solve the problem of white matter fi ber crossings, as 
well as the problem to reconstruct the correct white matter insertions into the 
cortex. 

 The limitations of DTI tractography explain to some extent the heterogeneous 
and quite controversial evaluation of DTI tractography as a useful clinical tool for 
neurosurgeons ranging from positive statements like: “The concept of visualizing 
white matter tract anatomic relationships to guide surgical resection and clinical 
management certainly offers the potential of a paradigm shift in surgical practice. 
Just as neuronavigation has become the standard of practice across neurosurgery 
for discrete anatomic localization, the functional interplay of a given pathology 
and the eloquent cortical and subcortical structures, as revealed through multimo-
dality imaging technologies, can only serve to improve the safety and effi cacy of 
neurosurgical practice” [ 9 ] to very skeptical, even warning statements: “In sum-
mary, there is a double risk of DTI, (1) to not select a patient for surgery while the 
tumor was actually operable, or (2) to stop the resection prematurely, with a lower 
impact on the natural history of the disease. Last but not least, the risk for young 
neurosurgeons who use DTI regularly in the operating theater is becoming depen-
dent on neuroimaging. The danger is for them to not learn optimally the functional 
anatomy of the brain by combining anatomic dissection, intraoperative electrical 
mapping, and models of cognitive neuroscience and thus to not be able to operate 
in the central nervous system without any intrasurgical neuroimaging, on the sole 
basis of their own mental imaging validated by online feedback provided by 
 electrophysiology” [ 20 ].   

    Tractography in the Operating Room 

 Independent of the basic diffusion modeling and tractography method applied, there 
are additional challenges due to the specifi c neurosurgical setting compared to a 
pure neuroscientifi c approach that might have its sole focus in identifying and ana-
lyzing connectivity patterns. 
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 Special problems in patients compared to healthy volunteers relate to the disease 
that might directly or indirectly affect the results of tractography. In patients, the 
time for imaging, i.e., the raw data acquisition, is restricted compared to volunteers, 
since patients might not be able to lie in a scanner for a longer time, without the risk 
of movement artifacts. In lesional cases the lesion itself, e.g., a tumor, and edema 
surrounding the lesion impede imaging and tractography. If the tractography results 
are to be integrated in a stereotactic/navigational setup, then the spatial accuracy of 
the raw data becomes a major concern. 

 The pyramidal tract as the most prominent white matter structure was the fi rst 
target for intraoperative visualization and integration in modern navigation systems. 
This led to an extension of the concept of functional navigation [ 50 ], which was 
initially based on integrating functional data from functional magnetic resonance 
imaging (fMRI) or magnetoencephalography (MEG) for delineation of eloquent 
cortical brain areas. With the help of DTI tractography, also eloquent subcortical 
structures could be visualized in the surgical fi eld. 

    Intraoperative Visualization 

 So what are the special needs of the neurosurgeon? For the visualization in the oper-
ating room and especially in the surgical fi eld applying heads-up technology of 
modern navigation microscopes, most approaches provided by basic neuroscience 
did not satisfy the needs for neurosurgical use. Tensor glyphs visualizing DW-MRI 
data, as well as advanced renderings of anatomical tracts with graph-based repre-
sentations of functional connectivity data visualizing the human connectome [ 42 ], 
all illustrate different aspects of major white matter tracts and connectivity; however 
these may not be suitable or the ideal solution for the representation in the clinical 
routine or even directly in the surgical fi eld. 

 There is the risk of an information overfl ow when applying the heads-up dis-
play technology in operating microscopes distracting the neurosurgeon from the 
task of removing a tumor if a plethora of colored streamlines is superimposed on 
the surgical fi eld. A fl exible and user-driven intraoperative visualization is manda-
tory. For example, the interactive visualization of fi ber tracts in the close proximity 
of a lesion allows an intuitive handling of the tractography data in the surgical 
context [ 25 ]. 

 For clinical intraoperative use, the actual border of a major white matter tract is 
of main interest. A line or tube representation like the visualization in standard trac-
tography lacks the ability to provide a border, so the user has to interpret the visual-
ization as a model for the whole tract. The generation of hulls is a possibility to 
overcome this drawback. A surface wrapping a particular subset of previously com-
puted streamlines represents a certain fi ber tract bundle [ 47 ]. This results in an intui-
tive visualization of the tract system of interest as a 3-D object. The combination 
with volume rendering of anatomical MRI data provides a good spatial orientation. 
Alternatively to a wrapping approach of the streamlines from tractography, 
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 volume- growing techniques are also a possibility to generate 3-D objects represent-
ing major white tracts.  

    Spatial Accuracy 

 When tractography results are incorporated into a 3-D navigational setting, image 
distortion is an important factor infl uencing the spatial accuracy, independent of the 
tractography method and quality. Echo planar imaging (EPI) distortions are caused 
by magnetic susceptibility differences and concomitant fi elds and result in displaced 
tractography results. These distortions mainly manifest themselves as displace-
ments along the phase encoding direction. The correction of EPI distortion using an 
image-based registration approach showed a signifi cant improvement in tract con-
sistency and accuracy [ 27 ,  43 ]. Propeller EPI is an alternative approach for distor-
tion correction demonstrated in a Q-ball imaging study [ 15 ]. 

 All challenges relating to navigation accuracy like registration errors and intra-
operative events like brain shift [ 26 ,  45 ,  46 ] further diminish the spatial accuracy 
and apply also to tractography integrated in navigational settings [ 47 – 49 ,  51 ]. 

 Image distortion, registration inaccuracies among different imaging modalities, 
patient registration inaccuracies, and inaccuracies due to positional shift, and brain 
shift, have to be taken into account, when intraoperative electrophysiological map-
ping methods are directly compared in a spatial fashion to tractography – this is 
independent to all the problems and challenges of DW-MRI, modeling the diffusion 
behavior and tractography itself.  

    Validation 

 To select an appropriate approach to delineate major white matter tracts for neuro-
surgical needs, the validation of tractography results would be a crucial factor. 
Tractography relies on complex mathematical models that provide anatomical 
information indirectly, which cannot be validated easily. In humans, up to now, 
tractography has mainly been validated by a qualitative comparison with data 
obtained from dissection. No quantitative comparison was possible because MRI 
and dissection data are obtained in different reference spaces and because fi ber 
tracts are progressively destroyed by dissection. A recent paper proposes a method 
of fi ber tract dissection in an ex vivo reference space [ 69 ], which might be able to 
overcome this shortcoming. There is no gold standard to which human tractography 
can be compared. Our knowledge of human neuroanatomy comes primarily from 
postmortem investigation using techniques such as the Klingler dissection tech-
nique and from invasive tracer injection studies in non-human primates. Particularly 
for white matter pathways involved in language, there could be signifi cant interspe-
cies variation that impacts how easily tracer studies translate to humans. Hence, 
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validation of diffusion MRI consists of scanning animals in which we have a de 
facto ground truth connectivity profi le from other means or scanning phantoms in 
which the connectivity is known [ 11 ]. 

 Up to now in the clinical setting, there was only the possibility of indirect clinical 
validation by evaluating the postoperative motor or language function, visual fi eld 
defi cits correlation, etc. That is, the clinician analyzes whether the patients have a 
better neurological outcome and then concludes that the applied method seems to be 
benefi cial. The major question is whether the tractography results actually refl ect 
reality. First attempts correlating the DTI tractography fi ndings to intraoperative 
electrophysiological measurements showed quite some discrepancies [ 34 ] which 
were probably mainly attributable to a distinct shifting of major white matter tracts 
during a neurosurgical procedure, which could be demonstrated by comparing pre- 
and intraoperative fi ber tracking, acquired by high-fi eld MRI applied during surgery 
[ 39 ,  49 ]. 

 Maximal safety may require combining electrophysiological brain mapping with 
functional navigation that integrates fMRI/MEG data and DTI-based tractography 
acquired before or during surgery. Like intraoperative electrophysiological mapping 
can identify cortical eloquent brain areas, subcortical electrical stimulation helps to 
identify major white matter tracts intraoperatively. Recent studies emphasize that 
functional navigation and subcortical stimulation are complementary methods that 
may facilitate the preservation of pyramidal tracts [ 8 ,  54 ,  59 ]. 

 The intraoperative visualization of the course of the pyramidal tract by 
microscope- based navigation during the resection of supratentorial gliomas has 
resulted in reduced neurological defi cits, which may serve as a proof of concept 
per se. This is also supported by studies comparing pre- and postoperative recon-
structions of major white matter structures in the brain stem well correlating to 
clinical defi cits. Visual fi eld defi cits in temporal lobe surgery for pharmaco-
resistant epilepsy provide an ideal model to analyze the clinical validity of 
changes in tractography by correlating the extent of visual fi eld defects with the 
changes in pre- and intraoperative DTI tractography-based reconstruction of the 
optic radiation. The signifi cant correlation between postoperative visual fi eld 
defi cits and the extent of alterations of the optic radiation also proved that recon-
struction of major white matter tracts can be reliably used in a clinical setting 
[ 13 ,  56 ,  68 ]. 

 All these data clearly support the concept of functional neuronavigation, i.e., 
adding functional information to 3-D anatomical datasets to reduce postoperative 
morbidity when operating lesions close to eloquent brain structures. Of course the 
intraoperative knowledge of the exact position of the pyramidal tract does not pre-
vent neurological defi cits per se; intraoperative events such as the necessity to coag-
ulate small vessels close to the pyramidal tract may result in an injury of the 
pyramidal tract leading to neurological defi cits. The distance of how close a recon-
structed major white matter tract can be approached is not yet clearly defi ned. 
Analyzing DTI tractography-based navigation data in regard to the distance between 
tumor and pyramidal tract revealed that a distance of 5 mm seems to be a critical 
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distance, which should be taken into account as safety margin [ 52 ]. This corre-
sponds well to an identical critical distance of about 5 mm when approaching func-
tionally eloquent cortical brain areas delineated by fMRI or MEG data. 

 Additional hulls around the reconstructed 3-D objects representing major white 
matter tracts are a possibility to visualize these safety margins. These encompassing 
hulls ideally would vary in thickness respective to the quality and reliability of the 
reconstructed fi ber bundle. In case of noisy unreliable data, a thick hull would be 
added, while in highly reliable data, the hull would be thinner. The technical, as well 
as clinical, defi nition of the extent of these safety margins has still to be 
established.  

    Multimodal Navigation 

 The integration of tractography data into a navigation environment offers the pos-
sibility to correlate tractography fi ndings in a multimodal setup, e.g., correlations 
with MR spectroscopy, and PET become possible. Besides preservation of neuro-
logical defi cits, tractography-based navigation also allows to directly correlate his-
tological fi ndings with diffusion imaging parameters. Thus tumor invasion of major 
white matter tracts can be detected and quantifi ed [ 60 ,  61 ].  

    Tumor Effects 

 Further important aspects infl uencing the quality of the reconstructed systems, 
especially when tractography is applied in the vicinities of a tumor, are the disrup-
tion of the fi bers by tumor invasion and a widening of the fi bers by the effects of 
edema surrounding a tumor. The standard diffusion modeling and tractography 
algorithms do not account enough for the effects of the edema and the tumor itself 
impedes the correct tracking so that either existing fi bers are not visualized at all or 
even an erroneous tracking may result. An approach with generalized q-sampling 
imaging (GQI) seems to provide better results for visualization of tracts in edema 
than DTI-based tractography [ 70 ]. 

 The special challenges for the neurosurgical application of tractography relate to 
the problem that different tract systems have different degrees of complexity, so that 
different reconstruction strategies might be necessary. The biggest and potentially 
most robust tract system in respect to visualization is the pyramidal tract. It might 
be suffi cient to use a more simple approach to delineate the pyramidal tract than the 
complex language tract systems. However, the algorithms easily available for the 
neurosurgeons, due to the integration into the commercial navigation systems, 
might not be suitable for reconstruction of complex systems, despite the fact that 
they might produce trustworthy results for a large and more robust system.  
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    Function and Tractography 

 It is important that the neurosurgeon is aware of the fact that the ability to recon-
struct a tract system prior to surgery not automatically implies that the system the 
tract belongs to has normal function. On the other hand, alterations of reconstructed 
tract systems in pre-/postoperative comparison might well correspond to neurologi-
cal defi cits due to surgery. A conceptual issue is that DTI tractography should not be 
considered as a tool of functional mapping, but only as a tool allowing an indirect 
study of fi ber anatomy [ 20 ]. Intraoperative monitoring with direct cortical stimula-
tion and subcortical stimulation enables preserving essential tissue during surgery, 
while preoperative functional imaging including fMRI and DTI tractography allows 
to assess the surgical risk [ 55 ]. 

 Combining the various methods from functional navigation, integrating fMRI 
and tractography information, in parallel to intraoperative electrophysiological 
measurements increases the safety for the patient. The different methods are not 
rivaling against each other but should be used in a complementary fashion. 

 In contrast to tractography in cohorts of healthy volunteers like it is applied in 
basic neuroscience, single-subject tractography like it is used and needed for surgi-
cal planning and guidance falls in the category of exploring unknown connectivity, 
because an individual variation even of known pathways, as well as a variation with 
disease, has to be expected. This is especially important when dealing with complex 
tract systems, e.g., like the language tracts [ 11 ].   

    Advanced Tractography Techniques 

 Diffusion-weighted imaging is inherently a noise-sensitive and artifact-prone MRI 
technique. To obtain a reliable representation of major white matter tracts, the fol-
lowing three steps are required in the process of DW-MRI tractography: the acquisi-
tion of appropriate diffusion-weighted image data; the correct estimations of fi ber 
orientations, i.e., choosing the appropriate model; and fi nally the appropriate track-
ing algorithm. 

    Limitations of the DTI Approach 

 The DTI approach to model the complex anatomical diffusion information has 
some distinct limitations. It is far beyond the possibility of this chapter to provide 
a comprehensive overview on all different advanced techniques that are available 
and published. The review “Diffusion tensor imaging and beyond” by Tournier 
et al. [ 63 ] is recommended for further reading: Although attractive in its simplic-
ity, the diffusion tensor model has been shown to be inadequate in the many 
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regions of the brain that contain so-called “crossing fi bers,” whereby two or more 
differently oriented fi ber bundles are colocated within the same voxel. The term 
“crossing fi bers” is itself somewhat misleading, as it includes any situation where 
multiple fi ber orientations contribute to the signal measured for the same imag-
ing voxel. Therefore, this also applies to confi gurations that may not initially 
have been thought of as “crossing fi bers,” e.g., fi ber bundles that “brush” past 
each other within the same imaging voxel, or even curving or “fanning” fi bers 
(Fig.  1 ). Crossing fi bers are endemic to DW-MRI, due to its coarse resolution 
(2–3 mm) compared with the white matter structures of interest; even the pyra-
midal tracts are only 3 mm thick in subcortical regions. Indeed, recent studies 
have shown that a signifi cant proportion of the white matter contains crossing 
fi bers with the most recent estimating that multiple fi ber orientations can be 
detected in over 90 % of white matter voxels. Crossing fi bers are even more prob-
lematic for tensor-based tractography methods: if one corrupt orientation esti-
mate is encountered, the tracking algorithm may venture off course into an 
adjacent white matter structure, leading to both false-positive and false-negative 
connections. Moreover, the problem is far greater than might initially be expected: 
any given white matter tract of interest will traverse a large number of voxels, 
any of which might contain crossing fi bers. It can readily be appreciated that the 
proportion of tracts traversing at least one affected voxel must be much greater 
than the proportion of affected voxels. If as much as 90 % of white matter voxels 
are affected, it is unlikely that any tracts will remain unaffected throughout their 
entire course.

   A recent literature research by Abhinav et al. [ 3 ] identifi ed 1838 papers dealing 
with fi ber tracking or tractography among them the majority on DTI-based tractog-
raphy approaches. Among the 735 papers applying tractography techniques beyond 
DTI, 84 papers with clinical applications were identifi ed; among these 57 % 
applied a ball and stick (B&S) model and 15 % diffusion spectrum imaging (DSI), 
followed by 11 % for constrained spherical deconvolution (CSD) techniques. 
Sixty-four percent of the studies used probabilistic, and 36 % deterministic fi ber 
tracking.  

  Fig. 1    Fiber orientations that cannot be resolved correctly by the DTI approach such as fanning 
( a ), bending ( b ), kissing ( c ), and crossing ( d ) fi bers; the  red cube  represents the measured voxel 
that incorporates a huge amount of fi bers that might have one of these problematic confi gurations       
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    Advanced Diffusion Models 

 Among the advanced diffusion models replacing the DTI model as basis for tractog-
raphy are sophisticated approaches including multitensor models, high angular 
resolution diffusion imaging (HARDI), hybrid diffusion imaging (HYDI), diffusion 
spectrum imaging (DSI), Q-ball imaging (QBI), Q-space imaging (QSI), the con-
straint spherical deconvolution model (CSD), and persistent angular structure MRI 
(PAS-MRI) [ 4 ,  5 ,  28 ,  37 ,  63 – 67 ]. These methods have gained increasing popularity, 
replacing the traditional tensor model for tractography. For instance, DSI and QBI 
use probability density functions instead of single tensors, which can describe the 
diffusion process in many different directions at each voxel. This however comes 
with the limitation of requiring longer acquisition times as it needs more encoding 
directions [ 58 ]. 

 The major improvement for both probabilistic and deterministic tractography 
approaches is the introduction of these advanced diffusion models for the estimation 
of multiple fi ber orientations. These models may be grouped in (overview taken 
from: [ 18 ]):

    1.    Multiparametric methods (e.g., multitensor or “ball and stick” (B&S) models) 
are model-dependent approaches in which the diffusion data are fi tted with a 
chosen model that assumes a discrete number of fi ber orientations (e.g., two or 
more).   

   2.    Nonparametric, model-independent methods such as DSI, QBI, or diffusion ori-
entation transform have been developed to better characterize the water molecu-
lar displacement by using a spherical function or the diffusion orientation 
distribution function (dODF). The multilobe shape of the dODF provides infor-
mation on the number of fi ber orientations, their orientation, and the weight of 
each fi ber component.   

   3.    Methods that try to take advantage of both approaches by extracting directly the 
underlying fi ber orientation (i.e., fi ber ODF) using a specifi c diffusion model for 
white matter fi bers. The latter approaches are usually described as spherical 
deconvolution methods and they generally show higher angular resolution (i.e., 
the ability to resolve crossing fi bers at smaller angles) compared with methods 
based on dODFs. Spherical deconvolution methods are becoming the methods of 
choice in an increasing number of studies, as they require acquisition protocols 
that are close to clinical DTI protocols (e.g., low number of diffusion gradient 
directions and b-values that are accessible in most clinical scanners).    

      Advanced Tractography Algorithms 

 In parallel to all these advanced diffusion models, there are advanced tractography 
algorithms taking into account that with the new diffusion models describing  multiple 
fi ber directions in a single voxel, there is the increased risk of false-positive 
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reconstructions. However, most of the current tractography algorithms are still based 
on the same tracking strategies originally introduced by the fi rst tractography 
approaches. These strategies apply rules to avoid, for example, unrealistic fi ber bend-
ing (i.e., angular thresholds) or tracking outside white matter regions (i.e., anisotropy 
thresholds) and are effective in reducing some of the reconstructions based on arti-
facts. Different approaches have been recently proposed to guide the propagation of 
the tractography algorithm across regions with multiple fi ber orientations and try to 
discriminate between crossing, kissing, and bending confi gurations. Some of these 
approaches use “directional consistency” or similarity between fi ber orientations 
across neighboring voxels; others use tract-specifi c properties or microstructural 
characteristics (e.g., axonal diameter) to propagate and differentiate tracts [ 18 ]. 

 Global tractography is an alternative method in which the entire tract is gener-
ated simultaneously without a direct propagation of streamlines. By piecing together 
smaller tracts, the entire pathway is globally fi tted to a chosen model that maxi-
mizes the consistency of the whole tract with the corresponding diffusion data. 
Because of small local errors, the fi nal pathway can be formed by different anatomi-
cal tracts; for this reason anatomical constraints (or priors) are applied to distinguish 
between true tracts and artifacts. 

 In a recent paper giving an overview on global tracking techniques, Mangin et al. 
emphasize: “In the early days of MR diffusion-based tractography, the potential 
impact of the technique was so uplifting that the neuroscience community was com-
fortably blind to the “ill-posed” nature of the problem: the step-by-step reconstruc-
tion of a fi ber bundle trajectory cannot afford any serious mistake in the evaluation 
of the local fi ber orientations. This major risk was diffi cult to deal with because it 
does not exist in the well-known invasive techniques used with animals: a marker 
injected in a neuron is trapped inside the axon except when it can be transmitted into 
another neuron via synaptic connections. Hence invasive methods are not at risk of 
losing a bundle during tracking. Unfortunately, apart from the large bundles of deep 
white matter where axons are parallel, the evaluation of local fi ber orientations in 
diffusion data is diffi cult. Indeed the myriad axons passing through a given MRI 
voxel usually have different orientations. Numerous ambiguities arise when one 
gets close to grey matter because of crossing, kissing and more exotic confi gura-
tions. Considering the over-simplistic tensor models used at the beginning of the 
fi eld, it is easy to understand why the fi rst tractograms were full of spurious forks 
leading to barely exploitable connectivity maps” [ 41 ]. 

 There are various technical attempts to approach the limitations of tractography; 
an agreed standard, or ideal solution, is not yet defi ned. It will be important to com-
pare the different approaches especially in respect to their reliability and also clini-
cal applicability. 

 So for the clinician, it is more or less impossible at the moment to fi nd the right 
algorithm. Up to now, there is no defi nite solution. It seems to be obvious that 
advanced white matter imaging techniques have advantages over the simplifi ed 
DTI-based tractography approach also in a clinical setting [ 2 ,  3 ,  10 ,  22 ,  35 ,  36 ,  70 ]. 
Figures  2  and  3  illustrate some typical advantages of advanced tractography 
techniques.
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    The most widely used clinical tractography method (i.e., DTI-based tractogra-
phy) results in systematically unreliable and clinically misleading information. 
Higher-order tractography models, using the same diffusion-weighted data clearly 
demonstrate fi ber tracts more accurately, providing improved estimates of safety 
margins that may be useful in neurosurgical procedures. We therefore need to 
move beyond the diffusion tensor framework [ 22 ]. However, even highly sophisti-
cated recently published methods like multi-tissue constrained spherical deconvo-
lution approaches for the improved analysis of multi-shell diffusion MRI data 
might be compromised by the mass effect of brain pathologies, like a tumor or 
edema [ 30 ]. 

  Fig. 2    The DTI tractography reconstruction of the pyramidal tract ( a ) misses a lot of fi bers that 
are part of the pyramidal tract connecting to the lateral aspects of the precentral gyrus; this is much 
better represented by advanced tractography techniques ( b , multidirectional tractography with an 
HARDI/ODF approach based on spherical ridgelets)       
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 A comparison of several clinically available tractography programs [ 23 ] demon-
strated signifi cant anatomical differences among nine different tractography pro-
grams (NeuroQLab (modifi ed tensor defl ection [TEND] algorithm), Sörensen DTI 
task card (modifi ed streamline tracking technique algorithm), Siemens DTI module 
(modifi ed fourth-order Runge-Kutta algorithm), six different software packages 
from Trackvis (interpolated streamline algorithm, modifi ed FACT (fi ber assignment 
continuous tracking) algorithm, second-order Runge-Kutta algorithm, Q-ball 
[FACT algorithm], tensorline algorithm, Q-ball [second-order Runge-Kutta algo-
rithm]), DTI Query (modifi ed streamline tracking technique algorithm), Medinria 
(modifi ed TEND algorithm), Brainvoyager (modifi ed TEND algorithm), DTI Studio 
modifi ed FACT algorithm, and the BrainLab DTI module based on the modifi ed 
Runge-Kutta algorithm). As a main pitfall of clinical tractography, the fact is identi-
fi ed that results can easily be manipulated by “cleaning up” the image with exclu-
sion regions of interest. The fi nal image shows fi bers only where the user wants 
them to be shown, potentially hiding relevant tracts; this can present a serious prob-
lem when planning a surgical procedure where displaced fi bers could unintention-
ally be hidden. 

 The Medical Image Computing and Computer Assisted Intervention Society 
(MICCAI) performs so-called MICCAI challenges where different research groups 
compare their tractography approaches in relation to identical data (for details, see 
the website dti-challenge.org). A quantitative evaluation of ten different algorithms 
applying a diffusion phantom demonstrated, as expected, that single-tensor-based 
methods performed worse than others in crossing regions for the obvious reason 
that a single tensor is unable to correctly characterize the two-fi ber compartment 
specifi c of those regions. However, the single DTI model is still able to correctly 
characterize numerous fi ber bundles. Notably, the DTI model with only few degrees 
of freedom is by essence less sensitive to noise than more complex models, which 
often makes it the unique alternative in clinical applications. Second, in case of 
good-quality datasets, the best option seems to use a fi ber orientation distribution 

  Fig. 3    DTI tractography of the arcuate fasciculus ( a ) often shows a false continuation that can be 
resolved correctly applying advanced tractography techniques ( b ), where the middle longitudinal 
fasciculus ( red ) is separated from the arcuate fasciculus ( green ) (tractography results rendered as 
3-D objects: ( a ) DTI and ( b ) multidirectional HARDI/ODF approach based on spherical 
ridgelets)       
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function in conjunction with a streamline tractography algorithm where the next 
direction of propagation is directly inferred from the fi ber orientation distribution 
(FOD) maxima. Indeed, with reasonable SNR (signal to noise ratio) datasets, FODs 
seem successful in modeling the fi ber directions within a voxel and can be trusted. 
Finally, for datasets of medium and low quality as it is often encountered in real 
situations, several options are possible but all of them are using a spatial prior to 
make the model estimation more robust to noise. Conversely, without spatial prior, 
not any diffusion model was shown to correctly estimate the different fi ber contribu-
tions within a voxel and consequently should be used with extreme caution [ 24 ].   

    Practical Guidelines and Proposal for the Future 

 Despite all complex possibilities and sophisticated developments in basic research, 
how can an individual neurosurgeon try to use “simple” tractography tools for the 
benefi t of the patients? Most important seem to be: (1) to stay critical to the results 
provided by a software tool, (2) to compare the results of several tools, and (3) to 
have a good knowledge of anatomy, to be able to judge whether tractography results 
may be possible at all. Furthermore it is advisable not to rely exclusively on tractog-
raphy to guide surgery, as well as, to combine several methods, like additional inte-
gration of functional MRI for identifi cation of eloquent brain areas and like applying 
intraoperative electrophysiological methods, since tractography provides informa-
tion on structure but not actual reliable information about function. 

 Guidelines toward a clinical application of tractography proposed by Chung 
et al. [ 16 ] are: always control the original image quality, choose the algorithm you 
understand, perform reproducibility tests on healthy subjects, and bear limitations 
in mind, when applying it to clinical practice. 

 Qualitative data from tractography-based studies with DTI or advanced white 
matter imaging techniques should be interpreted with a sound knowledge of the 
perilesional or loco-regional anatomy. In the setting of mass lesions, this problem is 
accentuated further as an abnormal trajectory of a fi ber may be either technical in 
origin or be real. Good neuroanatomical knowledge therefore may help with an 
accurate interpretation of the data. In order to reduce the subjectivity of the interpre-
tation of qualitative data, particularly in the setting of mass lesions, the use of a 
combined qualitative and quantitative approach may be helpful [ 2 ,  3 ]. 

 The combined use of DW-MRI and cortical and subcortical stimulations could 
offer better information and a higher predictive value in preserving motor functions. 
For the validation and improvement of fi ber tracking algorithms for neurosurgical 
planning, the use of electrophysiological data and functional image guidance can be 
very useful, especially under diffi cult pathological conditions. Using the most 
appropriate diffusion model combined with an adequate choice of tractography 
algorithm will increase the clinical relevance of the use of DW-MRI in  neurosurgical 
planning. This reliability can be further improved by the combination with intraop-
erative mapping, which should be assessed systematically [ 10 ,  40 ]. 
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 Tractography for connectivity analysis in neuroscience has the problems of fi nd-
ing the exact termination of connections, detecting collaterals, tracking the very 
dense network of horizontal intracortical connections, discriminating between 
afferents and efferents, detecting synapses, etc. [ 29 ], which may be of lower rele-
vance when applying tractography in neurosurgery, where these methods are mainly 
used to delineate a tract system close to a lesion, to decide on the extent of a resec-
tion or choosing a low-risk approach. 

 Future improvements in the accuracy of diffusion tractography will require 
innovations in MRI hardware, sequence design, data acquisition strategies, dif-
fusion modeling, and tractography algorithms. Although such advances will 
lead to incremental improvements in the overall accuracy, they may not over-
come the inherent ambiguities in inferring long-range axonal connectivity based 
on local diffusion displacement profi les. One suggestion, therefore, is to select 
the tractography method, or combination of methods, most appropriate for a 
specifi c objective. For example, if the objective is to reduce the possibility of 
identifying spurious pathways, a tractography method with better specifi city, 
such as DTI, QBI, or B&S probabilistic tractography (using a conservative 
threshold), should be used. Alternatively, if it were the objective to reduce the 
likelihood of missing salient pathways, a tractography technique with relatively 
high sensitivity, such as CSD and B&S probabilistic tractography (using a lib-
eral visualization threshold), would be more appropriate. For example, to avoid 
inadvertent transection of critical fi bers of passage, as in the case of surgery for 
brain tumors, a tractography technique with low specifi city but high sensitivity 
would be appropriate [ 62 ]. 

 It is important to keep in mind that DW-MRI tractography alone is unlikely to 
provide an anatomically accurate map of the brain connectome. It is crucial to com-
plement tractography results with a combination of histological or neurophysiologi-
cal methods to map structural connectivity accurately [ 62 ]. 

 The neurosurgical community has to fi nd a consensus for adequate tractography 
strategies for different clinical situations and demands. It should be evident whether 
a rough estimation of the course of a well-defi ned tract system, which might be 
adequately described by a simple DTI-based tractography approach accompanied 
with some additional safety hulls, is suffi cient for an intraoperative situation or 
whether the neurosurgeon has the demand to apply more reliable techniques; then 
advanced, sophisticated diffusion modeling and tractography approaches beyond 
the DTI approach have to be used. 

 Commercial navigation systems have to be open for the integration of research 
platforms, so that these sophisticated tractography approaches can be used in the 
clinical routine, and these techniques should also be implemented in the commer-
cial systems directly. 

 A practical solution in the clinical setting includes besides using good clinical 
judgment the parallel application of different tractography approaches in compli-
cated cases and comparing the results of these in each individual case. The clinician 
has to learn the pros and cons of the available software tools in the clinical setting 
like any surgical technique. Looking at the raw data should not be forgotten, using 
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a cookbook strategy with an identical evaluation sequence to minimize errors is 
essential, and the additional use of complementary techniques like intraoperative 
mapping and monitoring to gain additional safety is recommended.  

    Conclusion 

 DW-MRI provides a unique way of probing tissue microstructure in vivo and non-
invasively and is by far the most promising tool for studying white matter and its 
organization in living humans. It is, however, a diffi cult technique to apply correctly 
due to its unique imaging artifacts, the often very intricate interactions between 
microstructure and signal, the sophistication of the reconstruction algorithms used, 
and the shear complexity of white matter itself [ 63 ]. 

 There is a distinct delay of application of modern methods to reconstruct white 
matter tracts in neurosurgical procedures compared to the state of the art of basic 
neurosciences. Progress was made in recent years in all three major steps for the 
reconstruction of white matter tracts: raw data acquisition, modeling the diffusion 
behavior, and tractography approaches. Each of these steps infl uences the others 
and is not independent. Despite of all these developments, still most neurosurgeons 
use the DTI tractography method, because it is easily available, e.g., as software 
package part of commercial navigation systems. It is mandatory that either these 
commercial systems become more open to facilitate integration of better solutions 
that exist outside the operating room or the technical advantages are directly imple-
mented into these commercial systems, so that they are available for the whole 
neurosurgical community.     
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   Abstract     The current fi rst-line treatment of malignant gliomas consists in surgical 
resection (if possible) as large as possible. The existing tools don’t permit to iden-
tify the limits of tumor infi ltration, which goes beyond the zone of contrast enhance-
ment on MRI. The fl uorescence-guided malignant gliomas surgery was started 15 
years ago and had become a standard of care in many countries. The technique is 
based on fl uorescent molecule revelation using the fi lters, positioned within the sur-
gical microscope. The fl uorophore, protoporphyrin IX (PpIX), is converted in 
tumoral cells from 5-aminolevulinic acid (5-ALA), given orally before surgery. 
Many studies have shown that the ratio of gross total resections was higher if the 
fl uorescence technique was used. The fl uorescence signal intensity is correlated to 
the cell density and the PpIX concentration. The current method has a very high 
specifi city but still lower sensibility, particularly regarding the zones with poor 
tumoral infi ltration. This book reviews the principles of the technique and the results 
(extent of resection and survival).  

  Keywords     High-grade glioma   •   5-Aminolevulinic acid   •   Surgery   •   Fluorescence   • 
  Review  

        Introduction 

 Standard treatment strategies for glioblastoma (GBM) include microsurgical resec-
tion followed by concomitant chemo- and radiotherapy [ 95 ]. Despite these multiple 
therapies, the prognosis is poor, with a median survival duration of 12–14 months 
[ 90 ,  96 ]. Most current efforts are based on biological knowledge of the tumor and 
developmental advances in chemotherapy protocols, leading to signifi cant improve-
ment in both patient’s life expectancy and quality of life in selected populations 
[ 32 ,  76 ,  114 ]. Surgery remains the fi rst line of treatment for GBM whenever possible 
[ 51 ]. After establishing the histological diagnosis, reduction of tumor volume will 
ease compression of the surrounding normal brain tissue and increase the therapeutic 
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effi cacy of adjuvant therapies while also improving quality of life [ 90 ,  95 ,  115 ]. 
Patients with the most favorable combination of prognostic factors and who are 
receiving combined radio-/chemotherapy after total macroscopic resection have 
2- and 5-year survival rates of around 55 and 30 %, respectively [ 52 ,  96 ]. 

 However, survival benefi t in relation to the extent of GBM resection remains a 
critical question in neuro-oncology with no class I evidence from prospective trials 
[ 24 ,  65 ,  92 ,  93 ]. An inability to achieve total microscopic resection due to the infi l-
trative nature of these gliomas may explain the controversy [ 57 ]. Furthermore, most 
studies concluding that surgery is not a signifi cant outcome factor proved to have 
been inadequately powered and failed to assess the extent of resection using postop-
erative imaging [ 16 ,  62 ]. Recent reviews have examined every major clinical report 
in the last two decades covering the role of the extent of resection (EOR) in GBM 
outcomes, and the overwhelming majority of large series have shown greater sur-
vival benefi t with greater EOR [ 28 ,  36 ,  44 ,  74 ,  78 ]. In 2008, surgeons produced the 
guidelines for the management of newly diagnosed GBM and recommended maxi-
mum safe resection based on class II evidence [ 60 ]. Unfortunately, reported rates of 
gross total resection (GTR) of GBM over the past decade have remained compara-
tively low, ranging from 13 to 60 % [ 39 ,  119 ]. 

 Currently, the major challenge to the neurosurgeon is complete resection, as 
assessed by enhanced magnetic resonance imaging (MRI) of the tumor [ 78 ]. 
Numerous surgical methods have been developed to facilitate optimal resection and 
to guide the surgeon during resection, including intraoperative neuronavigation, 
intraoperative ultrasonography, and intraoperative MRI [ 29 ,  80 ,  104 ,  118 ,  119 ]. 
However, each of these technologies is well known by neurosurgeons to have limi-
tations (e.g., brain shift, technical expertise, and cost) [ 29 ,  80 ,  104 ,  118 ,  119 ].  

    History of Fluorescence Use in Surgery 

 Fluorescence imaging of brain tumor tissue during resection dates back to 1948, 
when Moore reported using fl uorescein to image 46 patients with brain tumors [ 54 ]. 
However, until the past decade, fl uorescence use in neurosurgery has remained a 
matter of personal choice, discussed only in published case reports [ 26 ,  56 ,  70 ,  84 ]. 
Since then, much of the real-time intraoperative work has been done by neurosur-
geons in Germany and Japan using not only fl uorescein but also, in particular, 
5-aminolevulinic acid (5-ALA)-induced protoporphyrin IX (PpIX) fl uorescence 
[ 1 ,  5 ,  10 ,  47 ,  61 ]. 

 Marking tumors with 5-ALA is conceptually different from earlier fl uorescence 
investigations, as the molecule in itself is not fl uorescent but is metabolized into 
fl uorescent PpIX by a number of malignant tumors [ 10 ]. Currently, 5-ALA-induced 
PpIX-guided surgery is considered effective and much simpler and less expensive to 
use than other types of surgical devices for patients with malignant glioma 
[ 67 ,  122 ]. Approved for intracranial use in Europe, Australia, Canada, and Japan, 
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5-ALA in the USA has not yet received the approval of the US Food and Drug 
Administration (FDA) [ 9 ,  17 ]. This means that any clinical investigation in that coun-
try has been performed under an Investigational New Drug (IND) exemption [ 72 ]. 

 This book focuses on the use of 5-ALA-induced fl uorescence and its current role 
in the surgical resection of GBM.  

    Theoretical Concepts (Fig.  1 ) 

       Biosynthesis and Regulation of PpIX 

 ALA, a molecule naturally found in all living mammalian cells, is a prodrug 
 converted to PpIX via the heme synthesis pathway [ 50 ]. ALA is made in the 
 mitochondria by the enzyme ALA synthase from succinyl-CoA and glycine from 
the Krebs cycle. ALA is then transported to the cytoplasm, where it undergoes 
 enzymatic modifi cations through intermediate porphyrins (porphobilinogen, 
 uroporphyrinogen III, coproporphyrinogen III) before being transported back to the 
mitochondria by adenine nucleotide transporters. Coproporphyrinogen III is 
 converted by coproporphyrinogen oxidase to protoporphyrinogen IX which, in turn, 
undergoes oxidation by protoporphyrinogen IX oxidase, thereby creating the fi nal 
heme precursor, the fl uorescent molecule PpIX [ 10 ,  69 ]. In physiological terms, 

  Fig. 1    Physiological principles of 5-ALA fl uorescence functioning       
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 ferrochelatase catalyzes iron incorporation into PpIX to produce the non-fl uorescent 
heme molecule, which is then transformed into hemoglobin [ 100 ]. 

 Transformation of ALA in the heme molecule is inhibited by feedback driven 
by high concentrations of heme that directly reduce the activity of ALA synthe-
tase. However, this control can be bypassed by exogenous ALA, which enters the 
cytosol and results in increased levels of pathway intermediates, especially the 
fl uorescent PpIX molecule [ 14 ,  49 ]. These elevated levels of PpIX persist for a 
limited amount of time, as ferrochelatase cannot immediately convert it to heme 
[ 55 ]. The capacity to synthesize heme is present in all normal tissues but is highly 
variable across different organs [ 38 ]. Systemic exogenous ALA administration 
induces strong PpIX fl uorescence in epithelial and glandular structures, includ-
ing the epidermis, mucosa, conjunctiva, endometrium, urothelium, liver, kidney, 
gallbladder, and mammary glands [ 40 ]. On the other hand, extremely limited 
fl uorescence can be seen in tissues of mesodermal origin, such as muscle, con-
nective tissue, and bone [ 35 ,  111 ]. In normal brain tissue, PpIX accumulation 
is almost impossible to detect except in limited amounts in the choroid 
plexus, ventricular ependyma, pia mater, and some areas of the white matter 
[ 30 ,  85 ,  87 ]. 

 The principles and theoretical concepts of 5-ALA fl uorescence are illustrated 
in Fig.  1 .  

    Mechanisms of PpIX Accumulation in Tumor Tissue 

 Cancerous tissue produces higher levels of PpIX than does normal, thus allowing 
the molecule to be used for intraoperative guidance [ 40 ]. The amount, however, var-
ies according to cancer cell type and the local cellular milieu, with the skin, bladder, 
uterine, gastrointestinal, bronchial, and ear–nose–throat (ENT) tumors having 
higher levels of PpIX [ 25 ,  41 ,  46 ,  68 ]. Brain tumors, especially high-grade gliomas, 
also manifest strong PpIX fl uorescence after ALA ingestion with ratios of 20:1 to 
50:1 compared with normal brain tissue [ 108 ,  109 ,  116 ]. 

 Nevertheless, the capacity of neoplastic cells to selectively synthesize and pro-
duce high levels of fl uorescent PpIX after exogenous ALA administration is as yet 
not fully understood [ 15 ]. In contrast to other molecules such as fl uorescein and 
Photofrin (porfi mer sodium), which are primarily synthesized in the liver and reach 
the brain via the blood circulation before penetrating the edematous tumor, PpIX 
synthesis takes place within the tumor cell, which explains its specifi city and good 
tolerability compared with other agents. Several studies have confi rmed these data 
[ 84 ]. Topical and local applications of 5-ALA to a number of malignant tissues have 
also resulted in local accumulation of fl uorescent porphyrins while clearly circum-
venting the liver [ 14 ,  38 ]. Tests in vitro with different malignant cell lines, notably 
C6 glioma cells, have proven them capable of synthesizing signifi cant amounts of 
porphyrins when 5-ALA was added to the media [ 48 ,  81 ]. In addition, after 5-ALA 
ingestion, porphyrin was found to be almost completely sequestered in erythrocytes 
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whereas its plasma concentration was low [ 85 – 87 ,  112 ]. The role of the blood–brain 
barrier is still a topic of debate [ 15 ,  58 ]. In terms of physiological status, the blood–
brain barrier has very low permeability to radiolabeled ALA due to poor lipid solu-
bility [ 15 ,  101 ] Also, carrier-mediated ALA transport from the blood to the brain 
has not been demonstrated [ 15 ]. On the other hand, there is a saturable mechanism 
of transport at the blood–cerebrospinal fl uid (CSF) barrier at the choroid plexus to 
limit the brain effects of changes in plasma ALA concentrations [ 59 ]. 

 For malignant gliomas, most studies have suggested that the main mechanism of 
PpIX accumulation may be due to higher 5-ALA uptakes essentially through pas-
sive diffusion into tumor tissue because of a disrupted blood–brain barrier [ 15 ]. 
Recently, positive correlations between PpIX and gadolinium (Gd) concentrations 
in tumor tissue and PpIX concentration and microvascular density have been found, 
suggesting a signifi cant but limited association between blood–brain barrier break-
down and 5-ALA-induced PpIX fl uorescence [ 110 ]. 

 Other studies have demonstrated that a disrupted blood–brain barrier is not the only 
mechanism and that a specifi city for malignant cells may be involved. Indeed, neoan-
giogenesis, overexpression of membrane transporters in malignant glioma tissue, and 
altered enzyme activity in the heme biosynthesis pathway might also play important 
roles. For instance, ferrochelatase, which converts PpIX to heme, has reduced activity 
in cancer cells, resulting in the accumulation of PpIX [ 11 ]. Inhibition of this reaction 
by the addition of iron chelators such as 1,2-diethyl-3- hydroxypyridin-4-one 
 hydrochloride (CP94), 1,2-dimethyl-3-hydroxy-4-pyridone (L1), and desferrioxamine 
leads to increased ALA-mediated PpIX accumulation [ 6 ,  106 ]. Nevertheless, iron 
 chelation may be a viable method of increasing PpIX production without having to 
modify the administered ALA dose to avoid potential side effects [ 7 ]. Also, some 
 studies have identifi ed ALA dehydratase and coproporphyrinogen oxidase as rate-
limiting enzymes [ 99 ]. The cellular and extracellular environment can also affect cell 
function and the formation of PpIX. Both neoplastic and nonneoplastic cells have 
 signifi cantly reduced intracellular PpIX concentrations after incubation in serum- 
containing media compared with serum-free media [ 48 ,  81 ]. PpIX accumulation is 
also increased by hypoglycemia, hyperthermia, and acidosis, whereas hypoxia can 
mildly decrease PpIX accumulation [ 23 ,  53 ,  120 ,  121 ]. Thus, increased proliferation, 
neovascularization, and cell density play a role in why PpIX accumulates more in 
high-grade vs. low-grade gliomas even when low PpIX concentrations are detected by 
spectrophotometry in the latter tumors [ 13 ,  53 ,  107 – 109 ].  

    Optics of Fluorescence 

 The mechanisms behind fl uorescence are well known. Electromagnetic radiation 
excites the electrons in atoms and molecules from their ground state (S0) to a greater 
energy state (S1). Fluorescence happens when electrons relax from their S1 state to 
an S0 state on emitting photons of light. Light in an excited state has a shorter wave-
length (higher frequency and higher energy), whereas the emitted fl uorescent 
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radiation has a longer wavelength (lower frequency and lower energy). The PpIX 
molecule is excited by blue light at wavelengths of 375–440 nm and emits red light 
in the visible spectrum at 635 nm, with a smaller peak at 704 nm [ 85 – 87 ]. To visual-
ize fl uorescence, a combination of excitation and emission fi lters is positioned 
within the surgical microscope: a shortpass fi lter in the excitation light path fi lters 
out the proper PpIX excitation wavelength, which is shorter than the fl uorescence 
emission wavelength, and a longpass fi lter in the observer light path blocks out any 
excited light at wavelengths <440 nm and only allows red porphyrin fl uorescence to 
pass. 

 The excitation and emission spectrum profi les have a small amount of overlap. 
This means that a small fraction of excited light is also remitted from the tissue to 
give the normal brain a blue color in contrast to the bright red porphyrin fl uores-
cence of glioma. The degree of fi lter overlap is crucial for neurosurgical applica-
tions. If the remitted light is too strong, then the porphyrin fl uorescence is no longer 
discernible and the sensitivity of detection is impaired. Conversely, if the remitted 
light is too weak, a faint autofl uorescence in the red spectrum becomes visible and 
may be mistaken for porphyrin fl uorescence. The operation becomes diffi cult due to 
a lack of tissue detail, and specifi city may be reduced as a consequence of unneces-
sary resection [ 85 – 87 ,  102 ]. 

 To visualize fl uorescence on a video monitoring system for documentation pur-
poses, specially modifi ed video cameras optimalized for red porphyrin fl uorescence 
detection are necessary [ 85 – 87 ]. This means that when the neurosurgeon switches 
to fl uorescence mode, the gain in the red channel is automatically increased relative 
to the other channels (blue and green) to increase red sensitivity. During surgery, 
however, it is advisable to rely on impressions obtained directly from the human 
eye, which has a greater capacity for perceiving differences in fl uorescence intensity 
and distinguishing fl uorescing from non-fl uorescent tissues [ 85 – 88 ]. 

 Neurosurgical operating fl uorescent microscopes designed for PpIX fl uorescence- 
guided resection are commercially available and include models from Carl Zeiss 
(Göttingen, Germany), Leica (Wetzlar, Germany), and Möller-Wedel (Wedel, 
Germany).   

    Practical Aspects 

    Fluorescence-Guided Surgery 

 Fluorescence-guided surgery (FGS) using 5-ALA is a procedure that has been 
undergoing full development in many countries over the past decade. However, 
although the learning curve has become smaller, it is still essential for neurosur-
geons to have a complete understanding of its technical performance. For this rea-
son, a training course offered by Medac Pharma (Wedel, Germany), which has also 
made the 5-ALA molecule commercially available, is recommended for surgeons 
before doing the operation for the fi rst time [ 18 ].  
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    5-ALA Administration 

 The 5-ALA compound is sold as a white powder in a glass vial (1.5 g/vial) [ 88 , 
 102 ]. ALA is administered orally after dissolving it in 50 mL of drinking water. The 
mildly sour-tasting solution is well tolerated by patients. Dissolving it in fruit juice 
makes it more acidic, which can modify its passage through the stomach and so is 
not to be recommended [ 102 ]. Clinical studies have demonstrated that the optimal 
dose is 20 mg/kg body weight for producing adequate PpIX fl uorescence levels 
allowing visualization of the extent of the tumor core with minimal side effects [ 18 ]. 

 One prospective double-blind randomized study tested lower doses of 5-ALA 
(0.2 and 2 mg/kg); the resulting levels of fl uorescence were weaker, and the sensi-
tivity of the method was considered unsatisfactory [ 85 – 87 ]. On the other hand, 
when higher doses of 5-ALA (40, 50 and 60 mg/kg) were used for tumors other than 
GBM, systemic side effects (hypotension, nausea, vomiting) were reported [ 37 ,  68 , 
 112 ,  113 ]. In an animal model of glioma, doses of 100 mg induced signifi cant non-
specifi c fl uorescence in edematous brain tissue [ 85 – 87 ] Thus, 5-ALA dosages 
>20 mg/kg can decrease fl uorescence specifi city with a risk of resecting non-tumor 
tissue while inducing neurological defi cits [ 85 – 87 ]. 

 The best time schedule for ALA administration has been also studied [ 85 – 87 , 
 112 ,  113 ]. The timing needs to take into account two facts: First, complete intestinal 
ALA absorption takes about an hour and is then followed by ALA conversion to 
fl uorescent PpIX within tumor cells, and second, ALA uptake should not be <3 h 
prior to the induction of anesthesia before beginning the operation (although it may 
be up to 5 h earlier). Maximum tumor fl uorescence is reached at approximately 6 h 
after 5-ALA administration and may even be observed 12–16 h later before disap-
pearing after 20 h [ 85 – 87 ]. 

 Stummer has reported the importance of giving dexamethasone as pretreatment 
(3–4 mg/kg for 48 h) [ 88 ,  102 ]. This corticosteroid infl uences ALA uptake by reduc-
ing PpIX effl ux and peritumor fl uorescence by tightening up the blood–brain bar-
rier. Also, pretreatment with steroids allows the identifi cation of patients at risk of 
postoperative neurological defi cit after fl uorescence-guided resection. If there is no 
resolution of a preoperative defi cit after dexamethasone treatment, the patient 
should not be operated on with fl uorescence, as it indicates that the defi cit is second-
ary to functional tumor infi ltration and not due to edema [ 90 ].  

    5-ALA FGS Procedure 

 FGS using 5-ALA does not differ greatly from conventional microneurosurgical 
operations. Anesthesia induction, patient positioning, draping, and craniotomy are 
all performed in the usual way. In addition, conventional imaging guidance is often 
helpful for planning the craniotomy and locating tumors that are situated beneath 
the cortical surface. 

 Fluorescence appears to be especially useful for defi ning the corticectomy 
boundaries at the beginning of resection and for assessing of completeness of tumor 
removal near the end of the operation [ 88 ,  90 ,  102 ]. 
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 If the tumor is small, superfi cial, and away from a functional area, the surgeon 
may choose to begin the procedure with a blue excitation light. On occasions, 
even when the cortical surface appears normal under white light, switching to a 
blue excitation light may reveal cortical and subcortical tumor extensions, 
thereby providing an invaluable guide for the initial corticotomy [ 88 ,  102 ]. In 
this case, tumor resection is more effi cient if the surgeon begins at the periphery 
between the fl uorescent and non-fl uorescent tissues while debulking the tumor 
centripetally. If the tumor is large and/or near an eloquent area, the surgeon 
might prefer to remove any easily distinguishable necrotic and solid tumor tissue 
predominantly under white light. However, to remove infi ltrating residual tumor 
that is not distinguishable under white light, fl uorescence-guided resection is 
essential. 

 The surgeon progresses from the tumor core to the periphery while switching 
between white-light and blue-light illumination until all signs of fl uorescence are 
gone [ 102 ]. Unlike other imaging methods, the surgeon never has to move his 
eyes from the microscope, as switching between white light and blue light is done 
by the touch of a fi nger on the microscope. Also, the neurosurgeon can see tumor 
tissue “online” during the resection that is not otherwise visible to the naked eye 
[ 13 ,  102 ]. 

 During the resection procedure, the surgeon usually seeks to identify four zones: 
fi rst, necrotic tissue that is non-fl uorescent; second, a solid tumor, which gives a 
strong red fl uorescence (Fig.  2b, c ) (both of which are generally easily distinguish-
able under white light); third, infi ltrating tumor, which gives a more or less distinc-
tive pink fl uorescence that is visualized only under blue light (Fig.  3b, c ); and, 
fourth, normal tissue that is non-fl uorescent (Fig.  4b, c ) [ 85 – 88 ,  94 ]. Red fl uores-
cence corresponds to contrast-enhanced MRI (Fig.  2a–c ), whereas pink fl uores-
cence and non-fl uorescence are the equivalent of non-contrast-enhanced MRI 
(Figs.  3a–c  and  4a–c ) [ 3 ,  94 ,  98 ].

     With more working surgical experience, longer periods of the operation can 
be performed under the blue excitation light alone, although white-light illumi-
nation may still be necessary for discerning anatomical structures such as blood 
vessels, although these can be identifi ed on fl uorescence by their blue-green 
color under blue light [ 102 ]. Near the end of the procedure, as conventional 
imaging guidance is too imprecise because of brain shift to assess quality of 
resection, the value of FGS becomes particularly evident through its ability to 
highlight any residual tumor tissue. This means that it is essential that the sur-
geon inspects, under a direct blue light, the entire tumor cavity for any residual 
pink fl uorescence [ 102 ].  

    Pitfalls 

 There are certain errors that might explain incomplete tumor resection and/or 
normal brain tissue resection leading to neurological defi cits that the surgeon 
should be aware of. The following are such pitfalls according to their different 
causes. 
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    Due to Light-Related Principles 

 It is essential to understand that only exposed tissues can be excited and visualized. 
Blue-violet light has a penetration power of only about 0.5 mm from the tissue sur-
face. This means that blood, non-fl uorescent necrotic tissue, and normal thin brain 
tissue can all obstruct the fl uorescence signal. Any persistent oozing should be 
sucked away to make a bloodless cavity [ 102 ]. The fl uorescence signal is also sub-
ject to PpIX photobleaching, chemical degradation of fl uorophores as a result of 
exposure to light [ 85 – 87 ]. This phenomenon is infl uenced by stronger light intensi-
ties, longer exposures, lower fl uorophore concentrations, and the photochemical 
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  Fig. 2    Illustration of different areas during 5-ALA fl uorescence-guided glioblastoma resection. 
T1-weighted MRI with gadolinium contrast enhancement – white-light illumination – blue-light 
illumination – corresponding histopathology. T1-weighted MRI with gadolinium contrast enhance-
ment. ( a ) Ringlike  contrast enhancement  ( green arrows ); ( b )  white-light  appearance: grayish solid 
tumor which is easy distinguishable; ( c )  blue-light  appearance: strong fl uorescence; ( d ) histologi-
cal slice. Red fl uorescence always indicates a solid tumor with high cell density, atypia, mitosis, 
and vascular proliferation. Fluorescence has a specifi city of 1, sensitivity of 0.85–1, and an NPV 
of 0.79 and PPV of 1 [ 33 ,  107 – 109 ]       
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stability of the fl uorophore itself. The rate of photobleaching has been analyzed by 
spectroscopy, which found that visible PpIX fl uorescence decays to 36 % in 25 min 
with blue-violet light and in 87 min with white light [ 85 – 87 ]. However, photo-
bleaching may be considerably slower than anticipated depending on light intensity. 
In fact, appreciable bleaching happens not in minutes, but after more than an hour 
of continuous white-light illumination, a condition that would normally never arise 
during surgery for malignant gliomas [ 89 ,  102 ]. During surgery, only a small part of 
the resection cavity is exposed to the microscope’s light, and other parts are often 
covered by coagulated blood and cotton pads, and the fl uorescence can be refreshed 
by the suctioning and removal of any blood, necrotic tissue, and superfi cial cell 
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  Fig. 3    Illustration of different areas during 5-ALA fl uorescence-guided glioblastoma resection. 
T1-weighted MRI with gadolinium contrast enhancement – white-light illumination – blue-light 
illumination – corresponding histopathology. T1-weighted MRI with gadolinium contrast enhance-
ment. ( a ) Tumor  periphery of the contrast enhancement limits  ( green arrows ); ( b )  white-light  
appearance: normal tissue aspect; ( c )  blue-light  appearance: pink fl uorescence; ( d ) histological 
slice. Macroscopically normal tissue shows weak fl uorescence signal, corresponding to tumor 
infi ltration zone. Note a less cell density. Only 6.6 % of the pink areas sampled show criteria for a 
diagnosis of GBM. Taken out of context, most of these samples could be diagnosed as low-grade 
glioma. Vague fl uorescence has 0.85–0.92 specifi city, 0.66–0.85 sensitivity, and a PPV of 0.97 
[ 33 ,  107 – 109 ]       
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layers. Also, at the end of the procedure, it is important to rub the resection cavity 
margins with cotton pads to remove any superfi cial cell layers. When fl uorescence 
can no longer be seen, the resection may be considered complete [ 102 ].  

    Due to Tumor Characteristics 

 The problem of overhanging margins is not unusual in deep subcortical and cystic 
tumors. During the course of tumor resection, surgeons tend to undercut the cortex, 
leaving residual tumor hidden under the margins that remains unvisualized by the 
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  Fig. 4    Illustration of different areas during 5-ALA fl uorescence-guided glioblastoma resection. 
T1-weighted MRI with gadolinium contrast enhancement – white-light illumination – blue-light 
illumination – corresponding histopathology. T1-weighted MRI with gadolinium contrast enhance-
ment. ( a ) Tumor periphery  outside the contrast enhancement  ( green arrows ); ( b )  white-light  
appearance: normal tissue aspect; ( c )  blue-light  appearance: no fl uorescence; ( d ) histological slice. 
Non-fl uorescent tissue immediately adjacent to the fl uorescent border indicates normal tissue or 
slightly increased cellular density with isolated atypia. The mitotic index is always very low in 
non-fl uorescent tissue, although dividing cells and atypia can be found in 33 % of samples, even 
those that appear normal. Of the non-fl uorescent samples, 67 % are diagnosed as negative for 
tumor [ 33 ,  107 – 109 ]       
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blue excitation light and outside of the surgeon’s direct fi eld of vision. This “shadow 
cone” phenomenon should be borne in mind during the operation. Likewise, cyst 
opening can lead to the collapse of parts of the tumor that, in some cases, may go 
unnoticed [ 102 ].  

    Other Causes 

 Other technical details should not be ignored when attempting to achieve maximum 
surgical effi ciency. The microscope should be positioned in a way to let the illumi-
nation light be perpendicular to the resection surface. The light source should be 
close to the cavity, as the intensity of light excitation diminishes over distance. The 
system should automatically switch to full intensity to have the highest possible 
level of blue excitation light. Ambient operating-room lighting should be lowered, 
with the operating light directed away from the resection cavity to reduce the risk of 
interference to fl uorescence signals, which can cause normal brain tissue to falsely 
appear red [ 102 ].   

    Side Effects and Precautions 

    Due to the PpIX Molecule 

 Side effects and severe adverse events have been studied in several papers [ 13 ,  31 , 
 63 ,  90 ,  91 ,  112 ,  113 ]. 5-ALA is a well-tolerated molecule so long as preventative 
measures and contraindications are applied and respected. This means that between 
the time of 5-ALA administration and positioning the patient for surgery, any ambi-
ent lighting should be reduced. More importantly, the direct exposure of patients to 
sunlight or to strong room lighting should be avoided for up to 24 h after 5-ALA 
administration [ 102 ]. ALA should not be given to patients with either inherited or 
acquired porphyria, severe renal, or hepatic insuffi ciency or during pregnancy. 
Coadministration with other potentially phototoxic agents (tetracycline, sulfon-
amide, hypericin extracts) should also be avoided for 24 h because of possible inter-
actions; indeed, methotrexate, quinolones, and motexafi n have increased, while 
phenytoin has decreased, PpIX levels in vitro [ 10 ,  17 ]. Nevertheless, the clinical 
effects of these molecules on PpIX have yet to be determined. 

 In practice, the reported side effects include nausea, vomiting, and raised trans-
aminase levels with no accompanying clinical symptoms 7–14 days after surgery. 
The most common side effect is sunlight-induced erythema for 24 h, while severe 
adverse effects are very rarely seen [ 90 ]. Only a single case of mucosal edema has 
been reported thus far [ 31 ]. The risk of normal brain photosensitization has also 
been raised, but this is only theoretical for two reasons. First, PpIX levels in normal 
brain tissue are very low. Second, the currently used fl uorescence microscopy 
equipment cannot create high-enough energy levels to cause phototoxic damage in 
the normal brain [ 85 – 87 ].  
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    Due to the Surgical Procedure 

 Maximizing the extent of tumor resection using FGS may increase the risk of neu-
rological defi cits. Stummer reported a neurological impairment rate of 17.1 % with 
ALA after analyzing the risks of the technique based on measuring neurological 
function using the US National Institutes of Health Stroke Scale (NIHSS) and the 
Karnofsky Performance Status (KPS) score. Differences were noted only 48 h after 
surgery: 26 % of patients in the ALA group had fallen by one to three levels on their 
NIHSS score compared with 14.5 % in the white-light (WL) group. This deteriora-
tion was not suffi cient to be detected by the KPS and was not signifi cant at 7 days, 6 
weeks, and 6 months after surgery [ 90 ]. In fact, patients operated on without 5-ALA 
had a higher risk of developing neurological defi cits within the next 6 months [ 90 ]. 
Other studies of FGS have reported complication rates ranging from 2 to 9 %, which 
is consistent with the most recent series of surgery without 5-ALA [ 8 ,  29 ,  43 ]. 

 The risk of neurological deterioration was also higher in patients with preexist-
ing neurological defi cits unresponsive to steroids; it is likely that these defi cits were 
more related to tumor infi ltration than to surrounding edema [ 92 ,  93 ]. 

 It is also important to remember that FGS offers no functional information. For 
this reason, preoperative neuroradiological examinations, including classical MR 
imaging as well as functional MRI (fMRI) and diffusion tensor imaging (DTI) 
sequences, to visualize functional areas and fi ber tracts are essential. Moreover, sur-
gery needs to be combined with intraoperative monitoring for cortical and subcortical 
stimulation [ 12 ,  21 ,  64 ,  98 ]. When using such a multimodal approach, the morbidity 
rate is very low. Feigl performed 25 procedures in 18 patients with primary malignant 
brain tumors in eloquent areas using 5-ALA with intraoperative monitoring. In 24 % 
of all cases, the resection was stopped even though fl uorescent tumor cells could still 
be seen intraoperatively because a functional area or cortical tract had been identi-
fi ed. The reported morbidity rate was 12 % [ 21 ]. Pastor operated on 34 patients har-
boring malignant glioma near eloquent cortical areas and the semioval center using 
different combinations of neurophysiological techniques. A week after surgery, only 
one patient worsened and, after 3 months, none of the patients had deteriorated [ 64 ]. 
Schucht reported on 53 patients eligible for complete resection of an enhancing 
tumor, 19 (36 %) of which were located in presumed eloquent brain areas. The com-
bined rate of motor, speech, and visual defi cits was 7.5 % for the complete-resection 
patients and 12 % for patients with tumors located in functional brain areas [ 98 ]. In 
Della Puppa’s study, 31 patients with high-grade gliomas in eloquent areas who 
underwent surgery assisted by FGS and intraoperative monitoring were prospectively 
enrolled. At the 7-day assessment, 64 % of patients presented with neurological 
impairment, but after 3 months, the severe morbidity rate was 3 % [ 12 ].    

    Results 

 Several clinical studies have examined the value of intraoperative 5-ALA guidance 
for high-grade gliomas in terms of sensitivity/specifi city, extent of tumor resection, 
and rate of survival [ 3 ,  13 ,  33 ,  71 ,  88 ,  94 ,  107 – 109 ,  117 ]. Recently, a systematic 
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review and meta-analysis of prospective studies was performed (Medline, Embase, 
and the Cochrane Library electronic database). Ten studies out of 473 reports 
screened were included in the qualitative analysis [ 122 ]. 

    Sensitivity and Specifi city of 5-ALA FGS 

    Correlation Between Visible Intraoperative Fluorescence and Histology 

 FGS diagnostic accuracy was investigated by correlating the surgical biopsy histol-
ogy of tumor tissue excised from different sites (necrotic tissue, tumor core, and 
tumor margins) with the degree of fl uorescence [ 13 ,  63 ,  71 ,  88 ,  107 – 109 ]. 
Histopathological characteristics according to the World Health Organization 
(WHO) criteria for glial tumors were assessed, and MIB-1 antibody labeling (anti-
Ki- 67) was used to evaluate tumor cell proliferation [ 107 – 109 ]. The degree of fl uo-
rescence was classifi ed as high for strong fl uorescence (bright red), low for vague 
fl uorescence (shades of pink), and nil for no fl uorescence (blue). This permitted 
evaluation of the specifi city (probability of not observing intraoperative fl uores-
cence when no tumor cells are present in tissue), sensitivity (probability of observ-
ing intraoperative fl uorescence when tumor cells are present in tissue), positive 
predictive value (PPV; probability that tissue with observable intraoperative PpIX 
fl uorescence is a true positive for the presence of tumor cells), negative predictive 
value (NPV; probability that tissue with no observable intraoperative PpIX fl uores-
cence is a true negative for the presence of tumor cells), true and false positives, and 
true and false negatives with the technique. 

 The most accurate measure was thought to be the PPV as an indicator of whether 
fl uorescence correctly shows tumor [ 94 ]. For high-grade glioma, 5-ALA had a sen-
sitivity of 0.75–0.91 with an overall sensitivity of 0.87 and a specifi city of 0.71–0.96 
with an overall specifi city of 0.89 [ 63 ,  71 ,  107 – 109 ]. The PPV ranged from 0.85 to 
1, and the NPV was from 0.26 to 0.97 [ 13 ,  63 ,  71 ,  88 ,  107 – 109 ]. In contrast, under 
white light, the surgeon’s ability to distinguish high-grade glioma appears to be 
much less accurate, with a sensitivity of 0.66 and specifi city of 0.68 [ 33 ]. 

 The results indicate that variation of PpIX fl uorescence intensity within the 
tumor correlates statistically with histological grade, degree of tumor infi ltration, 
and a high proliferation index using Ki-67 antigen as the biomarker [ 13 ,  63 ,  71 ,  88 , 
 107 – 109 ]. Red fl uorescence always indicates a solid tumor with high cell density, 
atypia, mitosis, and vascular proliferation, and strong fl uorescence has a specifi city 
of 1, sensitivity of 0.85–1, and an NPV of 0.79 and PPV of 1 (Fig.  2b–d ) [ 33 , 
 107 – 109 ]. Vague fl uorescence areas show a wide range of cell density but always 
considerably less than the tumor core. Some parts may be highly cellular while 
other parts can be diffi cult to diagnose as pathological. Necrosis is not found in 
samples of low fl uorescence, and vascular proliferation is less marked. Only 6.6 % 
of the pink areas sampled show criteria for a diagnosis of GBM. The Ki-67 index in 
pink areas is clearly less than in the center, although in some cases, the proliferative 
fraction may be high, up to 20–30 % in some samples [ 33 ]. Taken out of context, 
most of these samples could be diagnosed as low-grade astrocytoma [ 33 ]. Vague 
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fl uorescence has 0.85–0.92 specifi city, 0.66–0.85 sensitivity, and a PPV of 0.97 
(Fig.  3b–d ) [ 13 ,  71 ,  107 – 109 ]. 

 Non-fl uorescent tissue immediately adjacent to the fl uorescent border indicates 
normal tissue or slightly increased cellular density with isolated atypia [ 107 – 109 ]. 
The mitotic index is always very low in non-fl uorescent tissue, although dividing 
cells and atypia can be found in 33 % of samples, even those that appear normal. Of 
the non-fl uorescent samples, 67 % are diagnosed as negative for tumor (Fig.  4b–d ) 
[ 13 ,  33 ]. This agrees with previous reports of isolated cells located some distance 
from the tumor center. The absence of any PpIX fl uorescence can be considered 
moderately accurate for identifying normal brain tissue, as Stummer has demon-
strated that tissue with <20 % tumor cells can still fl uoresce [ 88 ]. There is a signifi -
cant correlation between samples with red-to-pink fl uorescence and samples with 
pink-to-blue fl uorescence and the mitotic index: Ki-67 labeling is 23.9 % (95 % CI, 
15.2–32.7) in central areas, 6.4 % (95 % CI, 3.7–9.1) in pink areas, and 1.7 % (95 % 
CI, 0.9–2.5) in blue areas [ 33 ,  107 ,  109 ]. 

 Nevertheless, cases of false positives are also described in the literature, albeit 
rarely, as rates vary from 0.4 to 11 % [ 13 ,  63 ,  88 ]. Perinecrotic areas during 
 radiotherapy, peritumor edema, infl ammatory cells, and reactive astrocytes can be 
labeled as fl uorescent positive, especially in recurrent glioma after adjuvant 
 treatment [ 31 ,  63 ,  105 ]. 

 To increase FGS sensitivity, different approaches have been proposed. The most 
interesting is quantitative ex vivo measurement of PpIX concentration (C PpIX ) from 
biopsies of human gliomas [ 71 ,  72 ]. However, interpretation of fl uorescence levels 
is subjective, which signifi cantly decreases the correlation between true levels of 
fl uorophores and visualized fl uorescence. A signifi cant trend has been noted 
between C PpIX  and subjective fl uorescence levels observed intraoperatively. A statis-
tically signifi cant correlation can also be found between C PpIX  from human glioma 
biopsies and the proliferation index as well as between C PpIX  and the total number of 
abnormal cells [ 71 ]. These results indicate the utility of C PpIX  for differentiating 
between varying degrees of tissue malignancy at the microscopic level comparable 
to the “gold standard” Ki-67 proliferation index [ 71 ]. Around 40 % of tumor- 
positive biopsies that are not visibly fl uorescent under the operating microscope 
have C PpIX  levels >0.1 mg/mL, indicating the presence of signifi cant PpIX accumu-
lation below the detection threshold of the current fl uorescent imaging techniques 
[ 72 ,  107 – 109 ]. 

 In another study, the diagnostic accuracy of FGS alone and in combination with 
conventional neuronavigation-guided surgery was investigated [ 13 ,  63 ]. Fluorescent 
and non-fl uorescent specimens were collected from inside and outside of tumor 
boundaries, as delineated by neuronavigation, and their correlations with histopatho-
logical results were then assessed. The sensitivity and specifi city of 5-ALA alone 
were 91.1 and 89.4 %, respectively, while the sensitivity and specifi city of the 
imaging- guided system alone were 57.8 and 57.4 %, respectively. Combining the two 
procedures improved the sensitivity of 5-ALA from 91 to 96 %. On the other hand, 
specifi city was reduced from 89 to 63 % if the tissue showing positive features with 
at least one technique (5-ALA or neuronavigation) was considered pathological [ 63 ].   
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    Extent of Tumor Resection 

 Improving tumor resection quality is the main objective of surgery, but given their 
invasive nature, tumor borders are generally unclear and often indistinguishable 
from the surrounding normal tissue. Over the past decade, many studies have sug-
gested that complete resection of an enhancing tumor, classically known as “gross 
total resection” (GTR), is associated with overall survival improvement, starting 
with an extent of resection (EOR) of 78 % of tumor volume up to 100 % EOR [ 78 ]. 
Thus, the major challenge for the neurosurgeon is complete resection of an enhanc-
ing tumor even when it has been shown that the contrast-enhanced parts of the 
tumor on MRI correspond mostly to a solid tumor, with the infi ltrative parts of the 
tumor going beyond the borders of contrast enhancement. Other techniques, such as 
amino-acid positron emission tomography (FET-PET), can detect larger tumor 
spread but are rarely used in clinical practice [ 66 ]. 

    Intraoperative Assessment: Series Results 

 For years, the intraoperative assessment of the EOR has relied on the surgeon’s 
report, which gave considerable importance to the volume of resection [ 2 ]. Complete 
resection using conventional white-light microsurgical techniques confi rmed by 
postoperative MRI was only achieved in 23–68 % of all GBM resections [ 2 ,  24 ,  28 , 
 36 ,  44 ,  62 ,  77 ,  74 ,  96 ]. Thus, advances in intraoperative techniques such as intraop-
erative ultrasound, neuronavigation, and intraoperative MRI (iMRI) were devel-
oped to maximize tumor resection and minimize surgical morbidity in cases of 
high-grade glioma [ 29 ,  104 ,  118 ,  119 ]. 

 However, all these techniques have limitations. Ultrasonography can overesti-
mate the amount of tumor tissue during resection and cannot detect tumor remnants 
in the surgical cavity [ 75 ]. Frameless neuronavigation is widely used in brain tumor 
surgery, and some studies have claimed signifi cant impacts of 33–76 % with GTR, 
although these reports were all retrospective analyses, whereas only one prospective 
randomized study found that the EOR was not enhanced by the use of a frameless 
stereotactic system [ 118 ,  119 ]. However, it is now well recognized that the effec-
tiveness of neuronavigation is limited by the brain shift phenomenon [ 82 ]. In addi-
tion, intraoperative neuronavigation may not be able to completely visualize the full 
extent of diffuse infi ltrative glial tumor like in Gd-enhanced MRI. However, despite 
these limitations, neuronavigation has currently emerged as the standard of care. 

 IMRI is a morphological technique that has only recently been evaluated [ 42 ]. It 
compensates for any potential errors due to brain shift by updating the information 
provided by neuronavigation with intraoperative imaging data. This permits evalu-
ation of the extent of resection in real time, thereby enabling additional cytoreduc-
tion during the same procedure in around 40 % of operations [ 29 ,  42 ,  45 ]. In one 
randomized controlled trial, more patients in the iMRI group (96 %) had complete 
tumor resection confi rmed by early postoperative MRI than in the control group 
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(68 %), and the difference was signifi cant [ 80 ]. This suggests that iMRI can increase 
the extent of glioma surgery without additional morbidity. Nevertheless, other limi-
tations should be mentioned. The precise identifi cation of tumor margins using Gd 
enhancement is of limited precision. IMRI also represents a so-called “offl ine” 
method, as its use necessitates pausing surgery to evaluate the results. The cost is 
also a severely limiting factor, restricting its use only to specialized neurosurgical 
centers and not as a standard neurosurgical tool. 

 These limitations may explain why an increasing number of neurosurgical units 
use 5-ALA as a standard tool instead. So far, numerous studies have proved the 
value of 5-ALA FGS in increasing GBM resection. The earliest and most interesting 
trials were reported by Stummer and the ALA-Glioma Study Group. In 2000, 
Stummer reported on 52 patients with confi rmed GBM who underwent FGS and 
showed that no contrast-enhanced tumor on postoperative MRI was found in 63 % 
of the patients [ 88 ]. In 2006, the same team described a randomized, controlled, 
multicenter phase III trial comparing 5-ALA-induced FGS with conventional white- 
light surgery for malignant gliomas in 270 randomly enrolled patients from 17 cen-
ters. Complete resection of contrast-enhanced tumor was achieved in 90 (65 %) of 
the 139 patients in the 5-ALA group and in 47 (36 %) of the 131 patients in the 
white-light group ( p  < 0.0001). Stummer subsequently reported that the percentage 
of patients without residual tumor on early postoperative imaging in the ALA group 
was 63.6 % vs. 37.6 % in the controls ( p  < 0.0001). Median residual tumor volume 
in the white-light group was 0.5 cm 3  vs. 0 cm 3  in the 5-ALA group ( p  = 0.001). 
Residual tumor was defi ned as a volume >0.175 cm 3  on contrast enhancement [ 90 ]. 

 Since 2010, several prospective and retrospective single-center nonrandomized 
studies have been published [ 5 ,  10 ,  47 ]. Complete removal rates ranged from 60 to 
100 % [ 3 ,  13 ,  20 ,  34 ,  63 ,  107 – 109 ]. In a report by Diez Valle of 36 patients, their 
mean preoperative tumor volume was 51.18 mL (range, 7.3–110 mL). Total resec-
tion was achieved in 83.3 % (30/36) of cases, while resection was >98 % of preop-
erative tumor volume in all cases, giving a mean resection rate of 99.8 %. The mean 
postoperative tumor volume in the six cases with remnants was 0.56 mL (range, 
0.21–1.8 mL) [ 13 ]. In these recent reports, GTR rates were higher in the prospective 
Stummer study. In retrospect, several factors may explain the rates found in the 
earlier Stummer study: The majority of study centers had no experience with the 
new 5-ALA technology; several teams recruited only a few patients into the study; 
and neither navigation, mapping, nor monitoring was routinely used. In a recent 
analysis of the 5-ALA study results, the authors showed that, in up to two-thirds of 
cases with subtotal resection, the surgeon aborted tumor removal for various rea-
sons and was always aware that the resection was incomplete [ 91 ,  92 ,  93 ]. 

 To improve GTR rates, 5-ALA FGS in combination with 1.5-T iMRI was inves-
tigated in a retrospective study of 19 patients with gliomas (eight with WHO grade 
II/III and 11 with GBM) [ 103 ]. All patients also underwent postoperative 1.5-T 
MRI to confi rm the EOR. In patients with 5-ALA-induced fl uorescence-positive 
tumors, the average resection rate for patients undergoing 5-ALA-guided surgery 
alone vs. 5-ALA combined with 1.5-T iMRI was 91.8 % vs. 92.6 %, respectively. In 
patients with 5-ALA fl uorescence-negative tumors (three GBMs), the average 
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resection rate was 89.2 % with combined 5-ALA fl uorescence and iMRI but only 
68.7 % with 5-ALA on its own. Thus, resection guided by 5-ALA fl uorescence 
without the use of iMRI is suffi cient for 5-ALA-positive glioma, which includes 
almost all malignant gliomas. Nevertheless, resection guided by 5-ALA fl uores-
cence combined with iMRI is of interest for those rare patients with fl uorescent- 
negative malignant gliomas and satellite lesions and/or no contrast enhancement on 
preoperative MRI [ 103 ].  

    Tumors in Functional Areas 

 Some studies have more precisely evaluated the possibilities of using FGS to 
increase GTR rates for malignant gliomas in eloquent areas despite the risks. 
Intraoperative mapping and/or preoperative multimodal functional imaging tech-
niques and awake surgery have been combined with 5-ALA FGS to increase GTR 
of cortical malignant gliomas in eloquent areas with no postoperative surgical com-
plications. Fiegls performed 25 procedures in 18 consecutive patients with primary 
malignant brain tumors in eloquent areas. GTR was achieved in 16 (64 %) of cases 
with preservation of all functional areas and fi ber tracts [ 21 ]. Schucht included 66 
patients with GBM in a prospective study, 53 of whom were eligible for complete 
resection of enhancing tumor (CRET) on early postoperative MRI, while 13 were 
CRET ineligible. The use of 5-ALA for both intraoperative fl uorescence imaging 
and navigation was the surgical standard for all patients. Intraoperative monitoring 
(motor- and somatosensory-evoked potentials) and cortical and subcortical map-
ping, including awake surgery, were used in patients with tumors in or adjacent to a 
presumed eloquent area. In the entire surgical cohort (66 patients), CRET was 
achieved in 77 %. In the CRET-eligible patients only ( n  = 53), CRET was achieved 
in 89 % of cases, in 97 % of those with preoperatively presumed non-eloquent 
tumor location, and in 74 % of those with preoperatively presumed eloquent tumor 
location [ 98 ]. 

 Eyupoglu analyzed whether a dual intraoperative visualization approach com-
bining 5-ALA FGS with iMRI would enable maximum possible resection of 
malignant gliomas in the vicinity of functional brain areas of 37 patients in a 
prospective study. All tumors in this series were classifi ed according to Sawaya’s 
functional grading system: grade I = located in non-eloquent brain areas, grade 
II = located in the vicinity of eloquent brain areas, and grade III = located in elo-
quent brain areas [ 79 ]. Also, all patients underwent preoperative functional diag-
nostics [magnetoencephalography (MEG) and/or fMRI]. In the subgroup with 
functional grade I ( n  = 9), no statistical signifi cance was found. The intended 
100 % resection was achieved by surgery with 5-ALA alone and corroborated by 
iMRI. Patients belonging to the subgroup with function grade II ( n  = 12) benefi ted 
signifi cantly from dual intraoperative visualization. Tumor EOR was signifi -
cantly increased with 5-ALA alone from 71.7 to 100 % with two modalities 
( p  < 0.0002 ).  In the functional grade III group ( n  = 16), iMRI in combination with 
functional neuronavigation was signifi cantly superior to 5-ALA-guided surgery 
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alone. The EOR result with the latter was 57.6 %, whereas further tumor resec-
tion up to 71.2 % was achieved with the additional use of iMRI ( p  < 0.0003). The 
authors concluded that intraoperative evaluation of the EOR with fl uorescence 
guidance led to a signifi cantly higher rate of GTR with no postoperative neuro-
logical defi cits, especially in cases of tumors lying close to functionally eloquent 
brain areas [ 20 ].  

    Early Postoperative MRI Accuracy in Assessing Tumor Resection 

 For clinical purposes, tissue enhanced by Gd in T1-weighted sequences is the best 
known surrogate marker for assessing malignant glioma volumes preoperatively 
and quality of resection postoperatively, despite a proven inability to show the entire 
tumor extent. This represents the limiting factor in evaluating the prognostic value 
of GTR in published series using early postoperative MRI alone. Studies suggest 
that 5-ALA fl uorescence signals reach further than T1-weighted Gd-enhanced tis-
sue [ 3 ,  33 ,  71 ,  91 ]. 

 In Stummer’s 2000 study of 52 patients, areas of residual contrast enhancement 
were identifi ed by comparing early postoperative T1-weighted axial sequences with 
and without contrast enhancement. Of the 17 patients in whom complete removal of 
fl uorescent tissue was achieved, 16 revealed no residual enhancement on postopera-
tive images, while the remaining patient had a small region of residual enhance-
ment. Postoperative MRI also showed no residual enhancement in 9/12 patients 
with vague fl uorescence and in 8/23 patients with strong residual fl uorescence. 
There is good evidence that PpIX fl uorescence correlates with areas of Gd-enhanced 
tumor and that the complete resection of fl uorescent tissue correlates with complete 
resection of enhancing areas [ 88 ]. Also, PpIX fl uorescence may be more sensitive 
for evaluating residual tumor than Gd enhancement, as areas of low PpIX fl uores-
cence fail to enhance at all on postoperative MRI despite containing areas of tumor 
[ 3 ,  71 ,  97 ]. Thus, contrast-enhanced MRI represents a macroscopic approach that 
leaves cellular transformation zones undetected, whereas 5-ALA appears to be 
superior in this respect, as it permits the identifi cation and discrimination of this 
particular cellular zone, making it visible to the surgeon for more complete resec-
tion. To confi rm this idea, Schucht demonstrated by volumetric means (quantifying 
the volume of fl uorescing tissue by subtracting brain volume after surgery from 
brain volume prior to surgery and correcting for cerebrospinal fl ux spaces) that 
complete resection using 5-ALA fl uorescence leads to signifi cantly greater resec-
tion volumes compared with contrast-enhanced tumor, including non-Gd-enhanced 
tumor tissue, according to preoperative T1-weighted sequences. Furthermore, this 
study showed that a rim with a mean width of 6 mm was resected beyond the area 
of contrast enhancement [ 97 ]. 

 Several groups of investigators have performed studies to correlate intraoperative 
5-ALA fl uorescence in tumors with preoperative  18  F-fl uoroethyl- l -tyrosine 
( 18 F- FET )–PET or  11 C-methionine ( 11 C-MET)–PET and T1-weighted contrast MRI 
uptake [ 4 ,  19 ,  22 ,  73 ,  83 ]. Independent of Gd enhancement, strong PpIX  fl uorescence 
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was seen in areas of maximum uptake with either  11 C-MET–PET or  18 F-FET–PET 
 imaging. A preoperative FET–PET signal predicts intraoperative PpIX fl uorescence 
with 87 % sensitivity and 94 % specifi city [ 83 ]. Further characterization of com-
bined PET and MRI with intraoperative PpIX fl uorescence revealed that FET–PET 
was more sensitive than 5-ALA in detecting glioma tissue in general. In Ewelt’s 
study of 17 PET-positive tumors histologically diagnosed as high-grade glioma, 14 
were fl uorescent and 13 were Gd enhancing. The authors concluded that FET–PET 
was more sensitive than 5-ALA in detecting glioma in general [ 19 ]. This result, 
however, is not supported by a recent study [ 73 ]. The correlation between intraop-
erative 5-ALA-positive tumor tissue left in the resection cavity after resection with 
postoperative  18 F-FET–PET and postoperative T1-weighted contrast MRI was 
determined in 10 patients with histologically verifi ed GBM in eloquent brain regions 
who underwent 11 operations with neuronavigation and 5-ALA-assisted tumor 
resection. GTR was achieved in 45 % of cases according to postoperative 
T1-weighted contrast MRI, in 27 % of cases according to postoperative  18 F-FET–
PET, and in none of the patients according to intraoperative ALA. The histology 
found at the 5-ALA-positive resection margins was infi ltrating tumor tissue, whereas 
postoperative FET–PET failed to detect these residual ALA-positive tumors in most 
cases. 5-ALA fl uorescence was more sensitive in the detection of GBM residual 
tumor compared with  18 F-FET uptake, whereas Tl-weighted contrast MRI was the 
least- sensitive postoperative imaging method for detecting residual tumor [ 73 ]. 
Recently, Arita assessed the association of 5-ALA and MET–PET uptake in gliomas 
by performing stereotactic biopsies at the beginning of resection but found no sig-
nifi cant correlation between them, identifying both instead as independent indices 
of tumor cell density [ 4 ].   

    Progression-Free and Overall Survival 

 In Stummer’s prospective 2000 study, 52 patients were stratifi ed by residual tissue 
fl uorescence. The survival time of patients with no fl uorescence, vague fl uores-
cence, and strong fl uorescence was 101 ± 15 weeks, 79 ± 6 weeks, and 51 ± 3 weeks, 
respectively. Differences were signifi cant between strong and no or vague residual 
fl uorescence, but not between vague and no residual fl uorescence, although the 
sample was too small to have any statistical power [ 88 ]. In Stummer’s prospective 
randomized multicenter study comparing 5-ALA-induced FGS with conventional 
white-light surgery, 6-month progression-free surgery (PFS; no radiological pro-
gression of disease) was observed in 41 % vs. 21.1 % of patients in the ALA and 
white-light groups, respectively, a difference that was highly statistically signifi cant 
( p  < 0.0003). The PFS duration with 5-ALA was 5.1 months vs. 3.6 months with 
white light. Unfortunately, the trial failed to show a signifi cant difference in overall 
survival (15.2 months for the 5-ALA group vs. 13.5 months for the white-light 
group). This result was disappointing, although there was a trend toward increased 
survival in the ALA group [ 90 ]. 
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 Various reasons might explain this result: The study was underpowered for 
proper analysis of the variable and was stopped early when primary end points 
were achieved; the percentage of GTR was high in the white-light group; and the 
absolute differences in residual tumor volume were not large, with a median 
residual volume of 0 cm 3  in 5-ALA patients and only 0.5 cm 3  in the control 
patients, making it diffi cult to prove any signifi cant difference in overall survival. 
The cumulative incidence of repeat surgery was signifi cantly lower, and the cumu-
lative incidence of chemotherapy with temozolomide was marginally lower in the 
ALA patients, which may have led to a reduced benefi cial effect on outcome in 
that group. Subsequent analysis of data from this phase III trial with patients res-
tratifi ed according to complete or incomplete resection, as revealed by early post-
operative MRI irrespective of their initial study arm, showed that the two patient 
populations were similar except for younger age (<60 years) and less-frequent 
eloquent tumor location in the complete- resection arm. Improvement in overall 
survival was evident after adjusting for patient age and eloquent tumor location. 
Median patient survival time was signifi cantly increased to 16.7 months in patients 
with complete resection compared with 11.8 months in those with partial resec-
tion ( p  < 0.0001) [ 91 ]. This effect was independent of the technique used to 
achieve complete resection, thus providing level IIb evidence (according to the 
Oxford Centre for Evidence- Based Medicine) that complete resection improves 
survival. 

 Recently, in retrospective study of 52 patients with newly diagnosed GBM and 
complete resection of enhancing tumor on early MRI, the effect of residual fl uo-
rescence in the surgical fi eld on overall survival was studied. The median overall 
survival time was 27.0 months (95 % CI, 22.4–31.6) in patients without residual 
fl uorescence ( n  = 25) vs. 17.5 months (95 % CI, 12.5–22.5) in those with residual 
fl uorescence ( n  = 27;  p  = 0.015). The effect of residual fl uorescence was also 
maintained in the multivariate analysis that included all covariables (HR, 2.5; 
 p  = 0.041) [ 3 ].   

    Conclusion 

 Several studies have proven the capability of 5-ALA FGS to increase the frequency 
of complete tumor resection. The technique is easy to use and has few side effects. 
The learning curve is short and its cost is limited. Compared with other methods 
currently being used, 5-ALA FGS does not interrupt the operation and results in a 
higher rate of complete tumor resection. At present, FGS with 5-ALA has become 
a standard part of the neuro-oncology armamentarium. In the future, its combined 
use with a miniaturized probe should allow real-time quantifi cation of PpIX con-
centrations to improve the sensitivity of the method, thereby leading to optimal 
tumor resection.  
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    Future Research 

 5-ALA FGS is safe and effective for increasing GTR rates, although further studies 
are needed to validate its impact on overall prognosis. Currently, 8 ongoing studies 
in 3 countries evaluate 5-ALA FGS (1 study in India, 6 studies in the USA, and 1 
study in France) (  https://clinicaltrials.gov    ). 

 A major limitation of 5-ALA FGS is the interobserver variability in correctly 
assessing low levels of fl uorescence and the inability to detect PpIX concentra-
tions below the threshold of visual detection. This phenomenon is partly respon-
sible for the reduced sensitivity in detecting microscopic levels of malignancy and 
evaluating isolated tumor-cell infi ltration not detected by enhanced MRI in 
GBM. Although new instrumentation enabling quantifi cation and increased sensi-
tivity to PpIX levels has been developed, further refi nement of the techniques 
involved is still necessary. Haj-Hosseini has described a spectroscopy device for 
real-time feedback of the fl uorescence signal that can improve the detection of 
tumor with no visible fl uorescence [ 27 ]. However, the system is limited by its 
inability to accurately quantify absolute fl uorescence that may be obscured by 
physical effects, such as variations in tissue optical properties. More recently, 
Valdes had reported on an intraoperative fi ber-optic system that measures PpIX 
concentration levels in vivo. This probe can quantify absolute levels of PpIX in 
tissue by correcting for the spatially variable and distorting effects of tissue optical 
properties despite these variations [ 107 – 109 ]. Initial experience with intraopera-
tive quantifi cation of fl uorescence probes has reportedly improved tumor resection 
accuracy, but, again, further refi nement of the techniques involved is still needed. 
Hardware improvements such as more sensitive cameras and fi lters and stronger 
excitation light sources should also optimalize intraoperative fl uorescence 
guidance. 

 The development of newer exogenous fl uorophores with the ability to detect 
microinvasive disease and the improvement of detection technologies such as 
intraoperative confocal microscopy, which allows visualization of living tissue 
cytoarchitecture, are other research possibilities that may improve surgical tumor 
resection [ 47 ].     
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   Abstract     Sorting and grading of glial tumors by the WHO classifi cation provide 
clinicians with guidance as to the predicted course of the disease and choice of treat-
ment. Nonetheless, histologically identical tumors may have very different outcome 
and response to treatment. Molecular markers that carry both diagnostic and prog-
nostic information add useful tools to traditional classifi cation by redefi ning tumor 
subtypes within each WHO category. Therefore, molecular markers have become an 
integral part of tumor assessment in modern neuro-oncology and biomarker status 
now guides clinical decisions in some subtypes of gliomas. The routine assessment 
of  IDH  status improves histological diagnostic accuracy by differentiating diffuse 
glioma from reactive gliosis. It carries a favorable prognostic implication for all 
glial tumors and it is predictive for chemotherapeutic response in anaplastic 
 oligodendrogliomas with codeletion of 1p/19q chromosomes. Glial tumors that con-
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tain chromosomal codeletion of 1p/19q are defi ned as tumors of oligodendroglial 
lineage and have favorable prognosis.  MGMT  promoter methylation is a favorable 
prognostic marker in astrocytic high-grade gliomas and it is predictive for chemo-
therapeutic response in anaplastic gliomas with wild-type IDH1/2 and in 
 glioblastoma of the elderly. The clinical implication of other molecular markers of 
gliomas like mutations of  EGFR  and  ATRX  genes and  BRAF  fusion or point muta-
tion is highlighted. The potential of molecular biomarker-based classifi cation to 
guide future therapeutic approach is discussed and accentuated.  

  Keywords     Molecular markers   •   Prognostic markers   •   Predictive markers   •   Low- grade 
glioma   •   High-grade glioma   •   MGMT   •   IDH mutation   •   Chromosomal deletion   •   EGFR   •  
 ATRX   •   BRAF  

        Introduction 

 Histological grading of gliomas according to the classifi cation system of the World 
Health Organization (WHO) provides a basis for defi ning groups of tumors for clini-
cal assessment. This grading also predicts the clinical behavior of the respective neo-
plasm with direct impact on the applied treatment regimen. Yet, within each defi ned 
histological tumor type and WHO grading, considerable variability in clinical course 
and response to therapy is well recognized. Traditionally, clinical characteristics such 
as patient age, performance status, tumor dimensions, extent of surgical resection, 
presumed histological cell of origin (oligodendroglial vs. astrocytic), and histological 
grading are used to identify prognostic subgroups of patients within each category of 
glial tumor. Accordingly, age and performance status are strong prognostic indicators 
in glioblastoma (GBM) but also in low-grade gliomas (LGG) [ 32 ,  55 ]. Obviously, 
conventional clinical classifi cation has limitations to differentiate tumor subtypes 
with higher certainty that will allow for better characterization of tumor entities and 
variants. Molecular markers that carry both diagnostic and prognostic information 
add useful information to traditional classifi cation and elucidate clinical observations 
by redefi ning tumor subtypes within each WHO category. Therefore, molecular 
markers have become an integral part of tumor assessment in modern neuro-oncology 
and biomarker status now guides clinical decisions in some subtypes of gliomas [ 76 ]. 
This review discusses the prognostic and predictive implication of current molecular 
classifi cation of gliomas and highlights their potential to guide therapeutic approach.  

    What Are Prognostic and Predictive Biomarkers? 

 Characterization of malignant tumor is typically achieved by molecular analysis 
and by detection of tumor biomarkers. Two classes of biomarkers are recognized in 
oncology:  prognostic markers and predictive ones. Prognostic markers  inform 
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about likely disease outcome independent of the treatment received while  predictive 
markers  provide information about expected outcomes with application of specifi c 
interventions. Therefore, predictive markers can help select among two or more 
therapy options and they are particularly important for targeted therapy which is 
expected to benefi t only patients whose tumors are characterized by the presence of 
the biomarker. For example, the GBM subtype containing the mutated variant of the 
epidermal growth factor receptor (EGFRvIII) possibly will respond to rindopep-
imut, a peptide vaccine, directed against the EGFRvIII antigenic domain. In that 
case, evaluation of the  targeted therapy in a trial that enrolls only patients whose 
tumors are positive for that marker is appropriate. This type of trial design is called 
an enrichment design [ 24 ], and the marker is classifi ed as an enrichment or selection 
marker. Currently, there are two ongoing studies that apply enrichment design for 
GBM. These studies are using EGFRvIII as a selection marker and aim to evaluate 
the therapeutic effect of rindopepimut in either newly diagnosed (NCT01480479) 
or recurrent (NCT01498328) GBM. 

 A biomarker is considered predictive if the effi cacy of two treatments is differ-
ent for the biomarker-positive patients than the biomarker-negative patients. The 
best setting in which to evaluate a predictive biomarker is a randomized clinical 
trial (RCT) of the selected therapy vs. a standard treatment, where the biomarker 
status is obtained but not used to direct treatment [ 25 ]. An example for such a trial 
is the German Neuro-Oncology Working Group (NOA) phase III trial in newly 
diagnosed elderly GBM patients (NOA-08). This trial compared radiotherapy 
alone (standard treatment for elderly GBM) vs. chemotherapy alone with the alkyl-
ating agent temozolomide (TMZ) [ 77 ]. The methylation status of the O 6 -
methylguanine-DNA methyltransferase ( MGMT ) promoter was evaluated, and the 
study established that  MGMT  promoter methylation is a very strong predictive bio-
marker for TMZ sensitivity in this patient population. Ideally, a biomarker would 
be assessed prospectively in an RCT. However, biomarker development often lags 
behind therapeutic development. Therefore, biomarker studies are frequently con-
ducted retrospectively on archived specimen collections, sometimes several years 
after the therapy has been developed. An example for such setting is the practice-
changing RCT of concurrent TMZ plus radiotherapy vs. radiotherapy alone for 
GBM [ 65 ] for which the biomarker  MGMT  methylation status was studied on a 
subset of the patients for whom tumor specimens and assay results were available 
( n  = 206 patients of the 573 randomized) [ 31 ]. The analysis showed that  MGMT  
methylation is a prognostic marker but the data did not provide suffi cient evidence 
that  MGMT  status is predictive. Yet, with a careful prospective design, a retrospec-
tive analysis can still provide convincing evidence in support of a predictive bio-
marker [ 64 ]. 

 The three molecular markers that are routinely assessed in clinical practice are 
isocitrate dehydrogenase 1 and 2 ( IDH1 / 2 ) gene mutations, 1p and 19q chromo-
somal codeletions, and  MGMT  promoter methylation. They gained clinical rele-
vance because they have diagnostic, prognostic, and, sometimes, predictive value 
(Table  1 ). Recently, additional markers were identifi ed and they will be described 
in view of their interactions with the above extensively investigated three 
markers.

Clinical Relevance of Prognostic and Predictive Molecular Markers in Gliomas



94
            Ta

bl
e 

1  
  M

ol
ec

ul
ar

 b
io

m
ar

ke
rs

 a
nd

 th
ei

r 
cl

in
ic

al
 r

el
ev

an
ce

   

 C
lin

ic
al

 r
el

ev
an

ce
 

 M
ol

ec
ul

ar
 b

io
m

ar
ke

rs
 

  ID
H

1 /
 2  

m
ut

at
io

n 
 1p

/1
9q

 c
od

el
et

io
n 

  M
G

M
T

  p
ro

m
ot

er
 

m
et

hy
la

tio
n 

 E
G

FR
vI

II
 

 A
T

R
X

 lo
ss

 
 B

R
A

F 
fu

si
on

 o
r 

po
in

t m
ut

at
io

n 

  Fr
eq

ue
nc

y  
(%

):
 

 Pi
lo

cy
tic

 a
st

ro
 

 0 
 0 

 <
10

 
 0 

 0 
 50

–7
0/

10
 

 PX
A

 
 D

if
fu

se
 a

st
ro

 
 0  70

–8
0 

 0  15
 

 10
–2

0 
 40

–5
0 

 0  0 
 ?  70

 
 R

ar
e/

60
–7

0 
 R

ar
e 

 O
lig

o/
ol

ig
oa

st
ro

 
 70

–8
0 

 30
–6

0 
 60

–8
0 

 0 
 14

 
 R

ar
e 

 A
na

pl
. a

st
ro

 
 50

–7
0 

 15
 

 50
 

 0 
 60

–8
0 

 R
ar

e 
 A

na
pl

. o
lig

o/
O

A
 

 50
–7

0 
 50

–8
0 

 70
 

 0 
 5/

30
 

 R
ar

e 
 G

B
M

 
 5–

10
 

 <
5 

 35
 

 25
–3

0 
 4 

 3–
5 

  B
io

lo
gi

ca
l 

im
pl

ic
at

io
n  

 L
in

ke
d 

to
 D

N
A

 
an

d 
hi

st
on

e 
m

et
hy

la
tio

n,
 

en
er

gy
 m

et
ab

ol
is

m
 

 U
nc

le
ar

 b
io

lo
gi

ca
l 

ro
le

, l
in

ke
d 

to
 

ol
ig

o 
m

or
ph

ol
og

y 

 Si
le

nc
in

g 
an

d 
im

pa
ir

m
en

t o
f 

D
N

A
 

da
m

ag
e 

re
pa

ir
 

 C
on

st
itu

tiv
e 

ac
tiv

at
io

n 
of

 d
ow

ns
tr

ea
m

 
pr

o-
on

co
ge

ni
c 

pa
th

w
ay

s 

 Te
lo

m
er

e 
dy

sf
un

ct
io

n,
 

ge
no

m
ic

 
de

st
ab

ili
za

tio
n 

 C
on

st
itu

tiv
e 

ac
tiv

at
io

n 
of

 B
R

A
F 

do
w

ns
tr

ea
m

 
pa

th
w

ay
s 

  D
ia

gn
os

ti
c 

im
pl

ic
at

io
n  

 D
.D

. b
et

w
ee

n 
di

ff
us

e 
gl

io
m

a 
an

d 
gl

io
si

s 

 O
lig

o 
lin

ea
ge

 
 N

on
e 

 A
ss

oc
ia

te
d 

w
ith

 G
B

M
 

 A
st

ro
cy

tic
 li

ne
ag

e 
 A

ss
oc

ia
te

d 
w

ith
 

pi
lo

cy
tic

 a
st

ro
 o

r 
PX

A
 

  P
ro

gn
os

ti
c 

m
ar

ke
r  

 Y
es

 –
 a

ll 
hi

st
ol

og
ie

s 
 Y

es
 –

 f
or

 o
lig

o 
 Y

es
 –

 a
st

ro
cy

tic
 

H
G

G
 

 Pr
ob

ab
ly

 
 Y

es
 

 U
nc

le
ar

 

 Fa
vo

ra
bl

e 
 Fa

vo
ra

bl
e 

 Fa
vo

ra
bl

e 
 U

nf
av

or
ab

le
 

 Fa
vo

ra
bl

e 
  P

re
di

ct
iv

e 
m

ar
ke

r  
 Y

es
 

 Y
es

 
 Y

es
 

 U
nc

le
ar

 
 N

o 
 U

nc
le

ar
 

 In
 A

O
 w

ith
 1

p/
19

q 
de

le
tio

n 
fo

r 
ch

em
oT

x 
re

sp
on

se
 

 In
 A

O
 w

ith
  I

D
H

  
 A

na
pl

. g
lio

m
as

  I
D

H
  

w
t; 

G
B

M
 ≥

70
 y

 
 Se

le
ct

io
n 

m
ar

ke
r 

fo
r 

va
cc

in
at

io
n 

T
x 

 Se
le

ct
io

n 
m

ar
ke

r 
fo

r 
ta

rg
et

ed
 T

x 

 Se
le

ct
io

n 
m

ar
ke

r 
fo

r 
ta

rg
et

ed
 T

x 
 Fo

r 
ch

em
oT

x 
re

sp
on

se
 

  Pr
og

no
st

ic
 m

ar
ke

r:
 in

fo
rm

s 
ab

ou
t l

ik
el

y 
di

se
as

e 
ou

tc
om

e 
in

de
pe

nd
en

t o
f 

th
e 

tr
ea

tm
en

t r
ec

ei
ve

d;
 p

re
di

ct
iv

e 
m

ar
ke

r:
 p

ro
vi

de
s 

in
fo

rm
at

io
n 

ab
ou

t e
xp

ec
te

d 
ou

t-
co

m
es

 w
ith

 a
pp

lic
at

io
n 

of
 s

pe
ci

fi c
 in

te
rv

en
tio

ns
 

  A
st

ro
  a

st
ro

cy
to

m
a,

  O
li

go
  o

lig
od

en
dr

og
lio

m
a,

  O
A

  o
lig

oa
st

ro
cy

to
m

a,
  P

X
A

  p
le

om
or

ph
ic

 x
an

th
oa

st
ro

cy
to

m
a,

  T
x .

 th
er

ap
y,

  w
t  w

ild
 ty

pe
  

T. Siegal



95

        IDH  Mutations 

 The genome-wide sequencing effort of the Cancer Genome Atlas (TCGA) project 
in GBM discovered a new mutation in the  IDH  genes in 2008 [ 53 ]. In the initial 
report, mutation in the R132 position of the  IDH1  gene was observed in 12 % of 
GBM cases, and the mutations were enriched in patients with secondary GBM. 
Nearly all mutations in  IDH  are heterozygous somatic point mutations in which a 
single nucleotide change at codon 132 ( IDH1 ) or 172 ( IDH2 ) results in coding for a 
different amino acid than in the wild-type gene. Thus, almost 90 % of  IDH1  muta-
tions result in an arginine to histidine substitutions with other mutations occurring 
less frequently.  IDH2  mutations are much less common (~3 %) and are associated 
with oligodendroglial histology [ 30 ,  84 ]. 

 IDH is a catalytic enzyme with at least three isoforms – IDH1, IDH2, and IDH3. 
Mutations in IDH3 have not been observed in gliomas. IDH1 enzyme is located in 
the cytoplasm and its normal function is to catalyze the oxidative decarboxylation 
of isocitrate into alpha-ketoglutarate (alpha-KG) and nicotinamide adenine dinucle-
otide (NADPH). The identical reaction is carried out by IDH2 in the mitochondria 
[ 8 ]. The mutated IDH enzyme is unable to generate alpha-KG and instead converts 
isocitrate to 2-hydroxyglutarate (2-HG) which then accumulates considerably in 
gliomas [ 18 ]. This 2-HG metabolite has been proposed as a novel oncometabolite, 
but its exact mechanistic role in glioma genesis is still under active investigation. It 
should be noted that in addition to gliomas,  IDH  mutations are also observed in 
acute myeloid leukemia, in intrahepatic cholangiocarcinoma, and in chondrosar-
coma [ 3 ,  9 ,  45 ]. Emerging data suggest that the accumulation of 2-HG generate 
competitive inhibition for enzymes which regulate DNA methylation and histone 
demethylases resulting in the evolution of glioma CpG island methylator phenotype 
(G-CIMP) (for more details, see next section) [ 67 ,  83 ]. The strong association 
between  IDH  mutations, G-CIMP phenotype, and some other genetic alterations 
clearly provides evidence that gliomas with  IDH  mutations have a distinct patho-
genic origin. 

 Molecular classifi cation of gliomas separates the tumors into  IDH  wild-type vs. 
 IDH -mutant gliomas (Figs.  1  and  2 ). Distinct entities among the  IDH  wild-type glio-
mas are pediatric tumors like pilocytic astrocytomas, pleomorphic xanthoastrocyto-
mas and ependymomas, and the most frequent tumor in adults – primary 
GBM. Conversely, most WHO grade II and III adult gliomas and secondary GBM 
share  IDH  mutations and carry a better prognosis than  IDH  wild-type tumors of the 
same histological grade [ 76 ]. The prognostic data have largely come from retrospec-
tive analysis of tissue banks obtained from clinical trials [ 29 ,  69 ,  70 ,  75 ,  79 ] and indi-
cates that  IDH  mutation is a favorable prognostic marker in adult low- and high- grade 
gliomas (HGG) (Table  1 ).

     IDH -mutated gliomas display a distinct clinical phenotype (Fig.  1 ). These 
patients are signifi cantly younger than those with  IDH  wild-type gliomas across all 
tumor grades [ 30 ] and the mutation is rarely seen in the elderly population. 
Distinctive radiographic characteristics in  IDH -mutant HGG include a predilection 
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Lesion on MRI suspicious for glioma
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  Fig. 1    Clinical features and histological and molecular classifi cations of adult gliomas.  CIMP  
CpG island methylation phenotype,  m/unm  methylated/unmethylated       

High grade gliomas

IDH mutant IDH wild type

CIMP positive

WHO III

1p/19q intact

WHO III WHO IV

CIMP negative

1p/19q loss
EGFR amp

± EGFRvIII

PTEN loss

MGMT
unmethyl

MGMT
methyl

MGMT
methyl

Predictive
chemoTx response

Prognostic &
Predictive Age ≥ 70

Favorable

Prognostic marker

Favorable

Prognostic marker

Prognostic &

Predictive for

chemoTx response

Favorable

Prognostic marker

Anap. oligodenroglioma

Good prognosis
Anap. astrocytoma

Intermediate prognosis
Anaplastic glioma

GBM-like prognosis
Primary GBM

Poor prognosis

MGMT
unmethylATRX mutation

MGMT methylMGMT methyl

  Fig. 2    Molecular classifi cation of high-grade adult gliomas and prognostic and/or predictive 
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for frontal lobe location, large tumor size at diagnosis, more frequent nonenhancing 
tumor component and less contrast enhancement, reduced necrotic-appearing areas, 
and more prevalent cystic and diffuse components [ 30 ,  39 ]. Interestingly, a retro-
spective study of 335 HGG recently demonstrated that  IDH1  mutation may serve as 
a predictive molecular marker to guide aggressive surgical resection beyond the 
enhancing tumor margins (maximal resection of total tumor volume including the 
nonenhancing tumor) as it conferred additional survival benefi t only in  IDH1 - 
mutant  variants [ 6 ]. 

 Diagnostic assessment of  IDH  status is performed on tissue sample and can be 
obtained either by immunohistochemistry (IHC) or by sequencing. IHC uses an 
antibody directed against the most prevalent  IDH -mutant isoform ( IDH1  R132H 
substitution) which accounts for approximately 85 % of all  IDH  mutations in glio-
mas [ 30 ,  84 ]. Compared with sequencing, the sensitivity and specifi city of IHC have 
been reported to be 94 % and 100 %, respectively [ 14 ]. Still, sequencing can iden-
tify those infrequent  IDH  mutations not identifi ed by IHC. The routine use of IHC 
for assessment of  IDH1  status improved histological diagnosis in cases with limited 
sample availability helping to distinguish between diffuse glioma and pilocytic 
astrocytoma, ependymoma, and nonneoplastic reactive gliosis [ 14 ,  37 ]. Finally, 
noninvasive methods to detect  IDH1 -mutant tumors are under development, like 
magnetic resonance spectroscopy that can detect the abnormal accumulation of the 
oncometabolite 2-HG within the tumor. This technique has the potential to monitor 
treatment response but caution is currently needed as false-negative results may be 
frequent [ 4 ,  7 ]. 

  IDH  mutations separate gliomas into two genotype distinct groups (Fig.  2 ), but 
the presence of the mutation can also serve as a potential therapeutic target [ 38 ]. 
Recently, two compounds specifi cally targeting mutants IDH1 R132H (AGI 5198) 
[ 56 ] and IDH2 R140Q (AGI 6780) [ 73 ] have been developed. Although the poten-
tial clinical benefi t of such inhibitors is not yet clear, their emergence raises new 
hope for the treatment of  IDH -mutated tumors. Initial studies demonstrated that the 
targeted inactivation of IDH1 R132H by the inhibitor AGI 5198 impaired growth of 
 IDH1 -mutant glioma cells and mouse xenografts and promoted gliogenic differen-
tiation [ 59 ]. Another potential approach is to directly target 2-HG production by 
inhibiting the conversion of glutamine to alpha-KG with siRNA or by a small 
molecular inhibitor [ 62 ]. This slows the growth rate of  IDH -mutant glioma cells, 
suggesting that “starving” mutant  IDH1  cells of alpha-KG may have therapeutic 
benefi t.  

     MGMT  Promoter Methylation 

 DNA methylation is the covalent addition of a methyl group preferentially at the 
5′-position of a cytosine or guanine nucleotide. The cytosine and guanine, separated 
by only one phosphate, tend to cluster to so-called CpG islands, located in the pro-
moter regions of more than half of all human genes [ 66 ]. DNA methylation is medi-
ated by the DNA methyltransferase family of enzymes and hypermethylation 
mostly occurs at the promoter CpG Island of genes and is closely associated with 
transcriptional inactivation. Interestingly, the methylation patterns differ between 
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gliomas of WHO grade II–IV [ 68 ]. As mentioned above, the TCGA project has 
identifi ed a glioma CpG island methylation phenotype (G-CIMP) that correlated 
with younger age, a proneural gene expression profi le [ 72 ], longer overall survival 
in GBM patients [ 51 ], and a high frequency of  IDH1  mutation which links meta-
bolic alterations and epigenetic modifi cation [ 83 ]. 

 The  MGMT  gene is located at chromosome 10q26 and codes for the ubiquitously 
expressed DNA repair enzyme that removes alkyl adducts from the O 6 -position of 
guanine [ 54 ]. MGMT enzyme protects normal cells from carcinogens, but it also 
repairs the lethal effects of alkylating chemotherapy such as TMZ. Methylation of 
 MGMT  promoter is found in 35–45 % of HGG and in about 80 % of LGG [ 13 ,  31 ] 
(Table  1 ).  MGMT  methylated and unmethylated GBM seem to differ in primary 
tumor location [ 19 ], pattern of contrast enhancement [ 41 ] and the apparent diffusion 
coeffi cient in MRI analysis [ 60 ], and the incidence of pseudoprogression observed 
after concurrent chemoradiation therapy [ 10 ,  52 ]. However, none of these differ-
ences allows for noninvasive determination of  MGMT  promoter status for the indi-
vidual patient. 

 Several clinical studies have shown that  MGMT  promoter methylation is a strong 
and independent prognostic factor associated with prolonged progression-free and 
overall survival in HGG (Table  1 ) [ 26 ,  31 ,  78 ,  79 ]. However, most studies failed to 
prove that MGMT methylation is predictive for sensitivity to chemotherapy with 
TMZ. Recently, the predictive value of MGMT as a biomarker associated with 
benefi t from treatment with alkylating agents has been demonstrated for some sub-
groups of HGG. The fi rst group includes elderly patients with HGG randomized to 
treatment with either TMZ alone or radiotherapy alone as initial treatment [ 44 ,  77 ]. 
Subgroup analyses of both trials showed better outcome for chemotherapy in 
patients with  MGMT  promoter methylation but reduced survival for patients with 
unmethylated tumor. It should be noted that even though  MGMT  methylation fre-
quency is age independent in HGG, tumors in elderly often lack other favorable 
prognostic markers established in younger GBM patients, which most likely 
 contributes to the overall worse prognosis in that age group [ 81 ]. Still, the results of 
the RCT in the elderly strongly suggest that treatment strategy should be individu-
alized per  MGMT  status in that age group. The second distinct group analysis 
explored anaplastic gliomas of patients enrolled to the NOA-04 trial [ 79 ] and evalu-
ated whether  IDH1  status determines the prognostic vs. predictive role of  MGMT  
promoter methylation [ 78 ]. It was found that  MGMT  promoter methylation is a 
predictive marker for benefi t from alkylating agents only in patients with  IDH1  
wild-type but not in  IDH1 -mutant tumors (Fig.  2 ). These fi ndings need further pro-
spective evaluation to establish the clinical utility of these biomarkers in anaplastic 
gliomas. 

 In clinical setting, there is no consensus about the most suitable technique for 
determination of the  MGMT  methylation status [ 13 ,  57 ]. A study that compared fi ve 
different methods showed diverse levels of correlation between  MGMT  methylation 
status and overall survival in GBM patients [ 35 ]. Most tests are able to discriminate 
clearly methylated from evidently unmethylated cases that have association with 
gene silencing and prognostic value [ 15 ]. Nonetheless, there seems to be a category 
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of intermediate samples that are more challenging. A particular demanding point is 
the defi nition of a technically and clinically relevant cutoff between positive and 
negative test results. Another issue is whether the status of  MGMT  promoter meth-
ylation which is determined from a small-sized stereotactic biopsy can reliably 
carry clinical relevance. A study that examined 25 HGG by 2–4 biopsy specimens 
that were collected from different sites within each tumor demonstrated that the 
methylation profi le constitutes a homogenous marker throughout the tumor [ 27 ]. 
Interestingly, it has also been demonstrated that in the majority of recurrent GBM 
(89 %), the  MGMT  promoter methylation status of the primary tumor is retained at 
recurrence [ 21 ]. 

 Routinely, tumor DNA is extracted from the pathological specimen for  MGMT  
status evaluation. A different approach is to determine the MGMT methylation sta-
tus from free circulating DNA in serum/plasma of glioma patients [ 22 ,  40 ]. This 
noninvasive method may enable longitudinal monitoring. The methylation status in 
both tumor tissue and plasma proved to be highly concordant with a specifi city of 
almost 100 % but the sensitivity of blood testing is still inferior for routine applica-
tion of this testing.  

    1p and 19q Chromosomal Deletions 

 Combined loss of genetic material from chromosomal arms 1p (short arm of chro-
mosome 1) and 19q (long arm of chromosome 19) has long been recognized as a 
typical molecular signature of oligodendroglial tumors [ 58 ]. This combined loss 
results from an unbalanced translocation that leads to the loss of one hybrid chro-
mosome and thereby loss of heterozygosity [ 33 ]. 1p and 19q codeleted tumors carry 
a better prognosis than do histologically indistinguishable tumors of the same grade 
but without this codeletion [ 11 ,  71 ,  79 ]. While loss of 1p/19q is common in oligo-
dendrogliomas, loss of 1p alone or 19q alone is sometimes seen in astrocytomas but 
it does not convey the same prognostic implication as the combined loss of 1p/19q 
in oligodendrogliomas. The prognostic implication for prolonged overall survival of 
1p/19q codeleted tumor has been established in three RCT of anaplastic gliomas 
[ 11 ,  71 ,  79 ]. At extended follow-up, it became clear that 1p/19q codeletion status is 
a predictive marker for chemotherapy responsiveness in anaplastic oligodendroglio-
mas [ 11 ,  71 ]. Both studies (RTOG 9402 and EORTC 26951) compared chemo-
therapy with procarbazine, lomustine, and vincristine (PCV) in combination with 
radiation therapy to radiation therapy alone. Tumor tissues from study patients were 
retrospectively analyzed for codeletion status when possible. Survival curves sepa-
rated after the median survival had been reached for the study cohort, and signifi -
cantly more patients lived for 10 years or longer after the initial combined 
chemoradiation therapy than after radiotherapy alone. The median survival of the 
subgroup of patients with 1p/19q codeleted tumors doubled following the initial 
treatment with chemoradiation therapy when compared to treatment with radio-
therapy alone, establishing the predictive value of 1p/19q biomarker. Based on the 
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results of these RCT, it is not surprising that the NCCN treatment guidelines recom-
mend 1p/19q codeletion as the only molecular biomarker to be used for therapeutic 
stratifi cation in anaplastic oligodendroglioma and mixed gliomas [ 49 ]. Recently, a 
retrospective analysis of 228 patients with anaplastic gliomas that included the 
cohort of the NOA-04 study [ 74 ] established a molecular classifi cation scheme 
which integrates  IDH1  status, G-CIMP, and 1p/19q deletion (Fig.  2 ). This scheme 
was demonstrated to translate into clinical relevant survival differences better than 
histological classifi cation [ 82 ]. 

 Assessment of 1p/19q deletion is most frequently performed either by fl uores-
cent in situ hybridization (FISH) or by loss of heterozygosity analysis (PCR-based 
microsatellite analysis) on tumor sample. Newer techniques, such as array compara-
tive genomic hybridization and single nucleotide polymorphism array, are becom-
ing available for clinical use [ 50 ]. The choice of technique depends on laboratory 
expertise, equipment available for testing, and the clinician and pathologist’s 
preference. 

    EGFR Mutation 

 The  EGFRvIII  is a mutant of  EGFR  that is expressed in approximately 20–30 % of 
GBM (Table  1 ). EGFRvIII expression typically occurs in the presence of wild-type 
EGFR overexpression which is detected in about 50 % of GBM [ 42 ]. EGFRvIII is 
most common in primary GBM and rare in secondary GBM. 

 EGFR is a transmembrane glycoprotein which contains an extracellular ligand- 
binding domain and a cytoplasmatic domain containing a tyrosine kinase [ 5 ]. The 
activation of this receptor turns on oncogenic pathways. The mutated receptor of the 
EGFRvIII has a truncated extracellular domain due to deletion of 267 amino acids 
and it results in constitutive tyrosine kinase activity and pro-oncogenic effects such 
as enhancing proliferation, radio- and chemotherapeutic resistance, and migration 
with inhibition of apoptosis [ 48 ]. Yet, its prognostic relevance is controversial, but 
long-term survival might be worse in patients whose tumor carries this mutation. As 
EFGRvIII is not expressed on normal tissues, it is an effective target for immuno-
therapy [ 5 ]. For that reason, vaccination strategies based on this unique peptide 
sequence have been developed and have been tested in various phase II trials. 
Currently, two studies evaluate the therapeutic effect of the EGFRvIII-directed vac-
cine, rindopepimut, in either newly diagnosed (NCT01480479) or recurrent 
(NCT01498328) GBM. 

 Methods to detect EGFR overexpression and presence of EGFRvIII include 
IHC, FISH, and reverse transcriptase PCR (RT-PCR) [ 20 ,  50 ] which all show high 
concordance between these tests [ 20 ]. A noninvasive method is based on the fact 
that EGFRvIII-positive cells are able to secrete membrane-derived microvesicles 
containing EGFRvIII mRNA. These microvesicles merge with the plasma mem-
brane of negative cells conferring the oncogenic advantage associated with the 
mutant variant [ 2 ]. Hence, EGFRvIII mRNA is detected in microvesicles in the 
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serum of EGFRvIII-positive GBM patients indicating that it could be a biomarker 
to monitor either tumor response or a relapse [ 63 ].  

    ATRX Mutation 

 The  alpha - thalassemia / mental retardation syndrome X - linked  ( ATRX ) gene is 
located on chromosome Xq21.1, and physiologically, ATRX protein is ubiquitously 
expressed in cell nuclei. Mutations in the ATRX gene result in a loss of nuclear 
protein expression in tumor cells, but not in non-tumor cells. ATRX loss of function 
leads to telomere dysfunction and to a phenotype called alternative lengthening of 
telomeres (ALT) along with more widespread genomic destabilization [ 1 ,  16 ]. 
Mutations of  ATRX  have been recently reported in both pediatric and adult astro-
cytic gliomas [ 61 ,  76 ,  80 ,  82 ] (Table  1 ), and a recent study of 214 astrocytomas 
found that ALT phenotype is highly associated with loss of ATRX protein expres-
sion in high-grade pediatric and adult astrocytomas [ 1 ]. The mutations are also 
highly associated with other mutations such as  IDH1  and  TP53  and they are almost 
mutually exclusive with 1p/19q codeletion [ 34 ]. Therefore, ATRX loss is consid-
ered a very specifi c marker for astrocytic lineage tumors including diffuse and ana-
plastic astrocytoma and a subset of oligoastrocytoma [ 34 ,  80 ,  82 ]. Two studies 
found that patients with  ATRX  mutation with  IDH  mutation tended to be younger 
and survived signifi cantly longer [ 34 ,  80 ]. 

 Studies that analyzed adult anaplastic gliomas found that ATRX loss refi nes the 
molecular classifi cation of these tumors and identifi es a subgroup of  IDH -mutant 
astrocytic tumors with better prognosis [ 80 ,  82 ] (Fig.  2 ). Thus, in the clinical set-
ting, the combination of routine 1p/19q deletion and ATRX assessment (by IHC) 
could help to guide the diagnosis within the spectrum of  IDH -mutant gliomas. It 
should be noted that in contrast to gliomas of adult patients,  ATRX  mutations are far 
less common in pediatric anaplastic gliomas and LGG and have to date never been 
found in pilocytic astrocytoma [ 1 ,  43 ,  61 ] (Table  1 ).   

    Molecular Markers in Low-Grade Gliomas 

 Although the diagnosis of LGG has traditionally been made on the basis of histol-
ogy, molecular abnormalities known to occur in these tumors have been evolving as 
supportive markers to assist diagnostics and patient management [ 75 ]. The markers 
that have been mostly investigated are  IDH  mutation,  MGMT  methylation, 1p/19q 
deletions, v-RAF murine sarcoma viral oncogene homolog B1 (BRAF) alterations, 
and  TP53  mutation which are common in low-grade astrocytomas. Current under-
standing of the likely molecular pathogenesis of LGG assumes that  IDH  mutations 
are early events [ 74 ] which give rise to the formation of oligodendroglial tumors in 
the face of 1p/19q codeletions. Otherwise,  IDH mutation  leads to the evolution of 
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astrocytoma particularly in face of  PT53  mutations.  IDH  wild-type tumors are less 
well understood and share a less favorable prognosis, irrespective of histology 
(Tables  1 ) [ 28 ,  75 ]. 

 Widely accepted clinical prognostic factors in LGG are age at diagnosis, tumor 
size, and presence or absence of symptomatic disease including intractable seizures. 
The overall analysis of the distribution of molecular changes and outcome in LGG 
leads to the distinction of three subgroups of patients as specifi ed above (Table  1 ). 
Despite this molecular distinction, it should be noted that no marker has yet been 
validated in LGG to guide a decision between chemotherapy and radiotherapy 
which means that no predictive value has been found. In fact, the level of indepen-
dence between  IDH , 1p/19q deletions, and  MGMT  status is still a matter of contro-
versy and so far, no known biomarker is of any relevance for the postoperative 
course of the disease in the absence of a genotoxic treatment. Although the prognos-
tic signifi cance (regarding overall survival) of  IDH  mutation was noted by several 
studies [ 28 ,  46 ,  75 ], it seems that none of the molecular markers are sensitive prog-
nostic indicator in LGG patients who do not receive radiotherapy or chemotherapy 
after surgery. An exception may be the case of BRAF alterations which may serve 
as selection markers for a targeted therapy. 

    BRAF Fusion or Point Mutation 

 BRAF is a major component of RAS/RAF/MEK/MAPK signaling pathway that 
functions to transmit extracellular signals from the cytoplasmatic membrane to the 
nucleus. Various alterations in BRAF are associated with brain tumors [ 36 ]. These 
mutations are rare in adult gliomas whereas more than 85 % of all pediatric LGG 
have one or two abnormalities in BRAF (Table  1 ). Pediatric HGG possess BRAF 
mutations in approximately 20 % of patients and the mutations are also occasionally 
observed in adults. Many tumors with point mutations contain a single nucleotide 
substitution that constitutively activates BRAF as a monomer (instead of the typical 
dimer signal). These point mutations are potential targets for treatment with BRAF 
inhibitors, with BRAFV600E mutation being the most investigated one [ 17 ]. Such 
point mutations are observed in approximately 20 % of fi brillary astrocytomas, 
50 % of gangliogliomas, 75 % of pleomorphic xanthoastrocytomas, and 5 % of 
pilocytic astrocytoma. 

 Some pediatric LGG have truncated fusion mutations of BRAF rather than the 
point mutation. This happens when there is a translocation that duplicates the  BRAF  
activation domain but at the same time have deletion of the N-terminal inhibitory 
domain. This places the  BRAF  gene under the control of the promoter of  KIAA1549  
(a gene of unknown function) and results in an expression of a mutant protein. The 
latter is typically found in pilocytic astrocytomas and most commonly in tumors of 
the posterior fossa [ 23 ]. It is predicated that binding of BRAF inhibitors to the one 
side of the dimer, which is a constituent of the mutant fusion protein, will result in 
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a feedback loop that will further activate the pathway, rather than inhibiting it. In 
that case, downstream inhibitors such as MEK, ERK, and, possibly, mTOR might 
be more appropriate agents for therapeutic intervention. Finally,  KIAA1549 - BRAF  
gene fusions are an important diagnostic marker to distinguish pilocytic astrocyto-
mas from high-grade astrocytic tumors – a distinction that can be both challenging 
and therapeutically relevant since pilocytic astrocytomas and GBM share the mor-
phological feature of microvascular proliferation.   

    Coexistence and Interaction of Various Molecular Markers 

 Largely, glial tumors can be divided into two groups based on presence or absence 
of  IDH  mutations (Figs.  1  and  2 ). These two groups probably differ in the genesis 
of the related tumors. The currently recognized molecular markers ( IDH  mutation, 
1p/19q deletion, and  MGMT  promoter methylation) are not entirely independent of 
each other. The  IDH  mutations induce the G-CIMP glioma phenotype, which almost 
always have  MGMT  methylation and often also 1p/19q codeletion, and apparently 
have better prognosis than  IDH  wild-type G-CIMP-negative tumors. It is therefore 
not surprising that a recent retrospective analysis of the RTOG 9402 trial, which 
demonstrated a signifi cant survival advantage in anaplastic oligodendrogliomas 
with up-front chemoradiation therapy, found that the benefi t is associated with  IDH  
mutation [ 12 ]. As expected, another study in GBM tumors demonstrated that com-
bination of  IDH1  mutations and  MGMT  methylation status predict survival better 
than either one of the markers alone [ 47 ]. Currently, studies in both GBM and ana-
plastic gliomas suggest that MGMT methylation has prognostic value when it 
comes together with  IDH  mutation [ 47 ,  78 ]. However, in the absence of  IDH  muta-
tions, it is becoming increasingly evident that  MGMT  promoter methylation is pre-
dictive for response to treatment with alkylating agents [ 44 ,  77 ,  78 ]. This has been 
demonstrated both in elderly GBM patients and recently in anaplastic gliomas 
(Fig.  2 ). Finally,  ATRX  mutation which is a hallmark of astrocytic lineage carries a 
favorable prognostic implication in anaplastic gliomas but it is mostly restricted to 
 IDH -mutant tumors which are largely G-CIMP positive [ 80 ,  82 ].  

    In Conclusion 

•     Routine evaluation of the status of 1p/19q chromosomes,  MGMT  promoter 
methylation, and expression of  IDH  and  ATRX  mutations has direct clinical 
implications.  

•   This evaluation refi nes classifi cation of gliomas as it combines traditional 
 histological subtypes and staging together with contemporary molecular 
classifi cation.  
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•   The combination of molecular classifi cation with traditional histology informs 
the clinician on both prognostic outlook and preferred management algorithm.  

•   Furthermore, progress in molecular diagnostics will help to improve the design 
of future RCT because it is a tool that enriches patient populations and thus may 
reform the selection of appropriate therapeutic measures.        
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   Abstract     Spinal dural arteriovenous fi stula (SDAVF) is a rare disease, the etiology 
of which is not entirely clear. It is the most common vascular malformation of the 
spinal cord, comprising 60–80 % of the cases. The clinical presentation and imaging 
fi ndings may be nonspecifi c and misleading, often mistaking it for other entities like 
demyelinating or degenerative diseases of the spine. 

 This chapter describes the imaging fi ndings, clinical signs, and symptoms of 
this disease and also the available treatment options according to the current 
literature. 

 Angiography is still considered the gold standard for diagnosis; however, MRI/MRA 
is increasingly used as a screening tool. Modern endovascular techniques are becoming 
increasingly more effective in treating SDAVF offering a less invasive treatment option; 
however, they still lag behind surgical success rates which approach 100 %. The out-
come of both treatment options is similar if complete obliteration of the fi stula is obtained 
and depends mainly on the severity of neurological dysfunction before treatment. 

 Heightened awareness by radiologists and clinicians to this rare entity is essen-
tial to make a timely diagnosis of this treatable disease. A multidisciplinary treat-
ment approach is required in order to make appropriate treatment decisions.  

  Keywords     Spinal dural arteriovenous fi stula   •   SDAVF   •   Spinal venous congestion   
•   Radicular artery   •   Radicular vein   •   Medullary artery   •   Spinal cord edema   •   Spinal 
angiography  

        Introduction 

 Spinal dural arteriovenous fi stula (SDAVF) is a rare and enigmatic disease. Its struc-
tural and clinical features have been recognized since the fi rst description by Foix 
and Alajouanine in 1926; however, the essentials of treatment were fi rst described 
only in 1974 [ 1 ]. Several years later, Kendall and Logue [ 2 ], in an elegant study, 
showed that the fi stula does not lie on the cord surface but rather within the dural 
root sleeve. Nevertheless, the etiology remains unclear [ 2 – 5 ]. 

 SDAVF is part of a heterogenous group of spinal vascular malformations. Of the 
various classifi cations proposed to date for these anomalies, the most widely used 
one [ 6 ] divides them into four groups and is based on the anatomic location of the 
fi stula and the arterial vessels involved [ 4 – 8 ], as follows:

   Type 1 – SDAVFs, also known as dorsal intradural AVFs, are located mostly near or 
within the nerve root sleeve dura, connecting one or more of the radiculodural 
branches with an intradural radicular vein that drains into extramedullary intra-
dural veins (Fig.  1 ).

     Type 2 – Congenital intramedullary arteriovenous malformations (AVMs), also 
termed glomus AVMs, are fed by the spinal artery branches.  

  Type 3 – Juvenile AVMs, also known as intra- and extramedullary AVMs or meta-
meric AVMs, are complex spinal and extraspinal malformations.  
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  Type 4 – Perimedullary fi stulas, also known as pial or spinal cord AVFs, are intra-
dural extramedullary AVFs that connect pial arterial branches with pial veins in 
the subarachnoid space.    

 This classifi cation does not include epidural fi stulas, which normally do not 
drain into the dural space and rarely cause myelopathic signs [ 4 ,  7 ]. 

 Alternatively, Bicetre’s classifi cation divides spinal vascular lesions into three 
main groups: (1) genetic hereditary lesions that are caused by a genetic disorder 
affecting the vascular germinal cells (e.g., spinal vascular malformation in heredi-
tary hemorrhagic telangiectasia), (2) those caused by a genetic nonhereditary vascu-
lar disorder affecting the same metamer (e.g., Cobb syndrome), and (3) single 
lesions that may affect the cord, nerve root, or fi lum terminale. The last group 
includes most spinal vascular lesions [ 4 ,  9 ]. 

 The more comprehensive classifi cation of Spetzler et al. [ 10 ] divides all types of 
vascular lesions into three groups: neoplastic vascular lesions (hemangioblastoma, 
“cavernoma”), aneurysms, and arteriovenous lesions. The third group is further divided 
into AVMs and AVFs, and the AVFs are further divided into extradural and intradural 
types. Intradural AVFs may be ventral or dorsal. Ventral AVFs are synonymous with 
perimedullary fi stulas (i.e., type 4 of the anatomical classifi cation), and dorsal AVFs 
are synonymous with SDAVFs (i.e., type 1 of the anatomical classifi cation). 

 Dorsal AVFs with one feeder are categorized as type A (Fig.  2 ), and with multi-
ple feeders, as type B (Fig.  3 ). This classifi cation has implications for surgical treat-
ment options and was developed for that purpose.

    This chapter focuses on the epidemiology, pathophysiology, clinical and imaging 
manifestations, treatment, and outcome of SDAVFs (i.e., anatomically type 1, spinal 

  Fig. 1    A diagram showing the vascular anatomy of SDAVF. The radicular artery (RA) is con-
nected to the radicular vein (RV) at the fi stula point (F) on the dura of the nerve sleeve. The intra-
dural veins (V) are congested and the spinal cord (SC) is swollen due to cord edema       
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vascular malformations), with special attention to recent technological and thera-
peutic innovations. The clinical and radiologic distinctions of SDAVFs (the most 
common lesion) from perimedullary fi stula (type 4a, low-fl ow shunt type) [ 3 ,  4 ,  7 , 
 11 ], the least common malformation, are discussed under the appropriate sections 
due to the many similar features.  

  Fig. 2    Demonstrated is a SDAVF at the foraminal level of the  right  L1–L2 vertebra, in a 60-year- 
old male with long-standing progressive myelopathy. ( a ,  b ) – Injection to the fi rst  right  lumbar 
artery (L). Marked on the image are the point of fi stula (F) and radicular vein (R). Retrograde fl ow 
in the radicular vein into the coronal veins(C). ( c ) Injection from a microcatheter in wedge position 
showing the fi stula (F) and the radicular vein (R) drained into the coronal vein (C)       

  Fig. 3    Shown is a SDAVF with multiple feeders (treatment of the same SDAVF using glue is shown 
in Fig. 9). The  arrows  labeled with “F” mark the different arterial feeders of the fi stula – from the 
fi rst  left  lumbar artery in ( a ), from the  left  D12 intercostal artery in ( b ), and from the intercostal artery 
of D11 ( c ). Also demonstrated are early fi lling of the radicular vein and connections to coronal veins       
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    Epidemiology 

 SDAVF is an acquired treatable disease with an estimated annual incidence of 
5–10 per million population [ 12 ] mostly affecting middle age and elderly men [ 4 ,  7 , 
 11 ]. It accounts for 60–80 % of all cases of vascular spinal malformations and tends 
to be located in the mid thoracic to the upper lumbar spine [ 2 ,  4 ,  7 ,  11 ,  13 ,  14 ]. 
Patient ages range from 18 to 83 years; the reported mean age in different studies is 
54–63 years for both males and females [ 4 ,  7 ,  11 ,  15 ,  16 ]. Men are affected more 
than women (male:female ratio, 6:1), and elderly individuals more than young ones 
[ 4 ,  5 ,  11 ,  17 – 19 ]; only 1–4 % of cases occur in the under-30-year age group [ 4 ,  11 ]. 
Except for one patient in the series of Wang et al. [ 11 ], no patients younger than 
20 years were reported [ 4 ].  

    Anatomy 

 Anatomically, spinal vascular anomalies located inside or on the cord or at the prox-
imal nerve root are fed by pial (radiculomedullary, medullary) arteries, whereas 
those located on the dura are fed by radiculodural (radiculomeningeal) arteries. 
Knowing the angio-architecture of these lesions is crucial to understanding their 
pathophysiology, presentation, indications for treatment, and treatment [ 4 ,  7 ,  8 ]. 

 The formation of the neural tube is a complex process. Between days 22 and 27, 
the intrinsic vascular system of the spinal cord is established. Two longitudinal col-
lector veins form in the subarachnoid space dorsal and ventral to the cord, later 
joining the epidural space via radicular (bridging) veins. Part of the spinal blood 
drains into the epidural system via the bridging veins and part travels into the intra-
cranial system [ 20 ], to the vertebral plexus and posterior fossa sinuses [ 4 ]. The col-
lector veins give rise to the anterior and posterior median veins. 

 The blood supply to the spine (including bony elements, soft tissue, dura, and 
nerves) is by segmental arteries originating at each level: from the vertebral artery 
and ascending cervical artery at the cervical spine, the intercostal and lumbar arter-
ies at the thoracic and lumbar spine, and the iliolumbar branches, mainly the middle 
and lateral sacral arteries, at the sacral region [ 21 ]. The segmental arteries give rise 
to the anterior and posterior central branches that supply the bony spine and dura 
and give rise to the radicular (radiculodural) arteries at every level, which supply the 
nerve root and the dura nearby.  These radiculodural arteries are the vessels involved 
in SDAVF  [ 4 ]. At some levels, the radicular arteries give rise to the radiculomedul-
lary (=radiculopial) arteries that follow the nerve roots and the anterior and  posterior 
spinal divisions, entering the subarachnoid space to supply the cord, pia, and arach-
noid. In contrast to the radiculodural branches that arise at each level, the locations 
of these radiculomedullary branches are not predictable [ 4 ]. The radiculomedullary 
branches that follow the anterior nerve roots join the anterior spinal artery at the 
median sulcus of the cord; the radiculomedullary branches that follow the posterior 
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nerve roots join one of the two (one on each side) paramedian posterior longitudinal 
spinal arteries. Those from the left branches join the left posterior spinal artery, and 
those from the right branches join the right posterior spinal artery [ 22 ]. 

 The anterior spinal artery originates classically from the V4 segment of the two 
vertebral arteries and runs in the median sulcus of the anterior cord to the conus 
medullaris. The two posterior spinal arteries originate from the posterior inferior 
cerebellar artery or the intradural segments of the vertebral arteries (V4 segment). 
They run in the posterior paramedian part of the cord, between the cord and the pia. 
These two systems are connected at the spinal conus (like a “circle of Willis” of the 
brain). As mentioned above, these longitudinal vessels are connected at some spinal 
levels, to radiculomedullary arteries that assist in cord nourishment [ 22 ]. The loca-
tions of these radiculomedullary arteries are not predictable and have to be specifi -
cally searched for. The radiculomedullaris magna (artery of Adamkiewicz) is the 
largest and best known radiculomedullary artery. It arises from the lower intercostal 
or upper lumbar arteries (more frequently from the left). The anterior radiculomed-
ullary arteries connect in a typical way to the anterior spinal artery at the midline, 
with a hairpin curve at the connection point in the anterior fi ssure [ 18 ]. 

 These three longitudinal intradural subpial arteries supply the cord and give rise 
to branches at each level; they also have small horizontal branches that connect the 
two systems (rami perforantes of the vasocorona) at each level and supply that cord 
segment (Fig.  2 ) [ 23 ]. The cord drains through radial intrinsic and superfi cial small 
veins which in turn drain into the longitudinal spinal cord veins, the anterior and 
posterior median spinal veins that runs in close proximity to the spinal arteries 
(Fig.  4 ). There are many connections between these longitudinal veins, including 
transmedullary anastomosis. The radicular veins drain the longitudinal median 
veins into the extradural space, mostly following the nerve roots. They have a one- 
directional “valve” system in the dura to prevent refl ux into the intradural venous 
system.

       Pathophysiology 

 The pathological arteriovenous shunt in SDAVF is located within the dura mater, 
between the radiculodural artery(ies) and the intradural radicular vein. It usually lies 
at the posterior wall of the spinal nerve root sleeve, within the intervertebral fora-
men where the radicular veins pass the dura at the dorsal wall of the dural root 
sleeve adjacent to the radicular artery [ 7 ,  16 ,  19 ,  24 ]. Sometimes, the shunt lies 
along the dura between two adjacent nerve roots [ 7 ]. We have noted the latter fi nd-
ing in several of the 40 patients with SDAVF operated by our group in the last 
15 years (unpublished observation). Normally, blood from the spinal cord drains 
through the medullary veins and venous plexus, usually (80–90 % of healthy peo-
ple) in a dorsal direction and in some in a combination of ventral and dorsal direc-
tions [ 7 ]. The presence of a shunt leads to arterialization of the radicular vein and a 
reversal of the blood fl ow to the cord venous system, into the perimedullary venous 
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plexus. This, together with the reduced outfl ow by the other radicular veins due to 
partial thrombosis [ 12 ,  14 ], leads to venous engorgement and intradural venous 
hypertension, and, consequently, cord edema and ischemia [ 4 ,  7 ,  11 ,  14 ,  18 ,  19 ], 
causing chronic hypoxia, loss of normal functions, and progressive myelopathy [ 7 , 
 15 ,  16 ,  18 ,  21 ,  25 ]. In 1983, 6 years after Kendall and Logue [ 2 ] reported the correct 
location of the fi stula, researchers showed that the fi stula can be occluded by discon-
necting the radicular vein from the dura at the shunt location [ 3 ,  7 ,  26 ]. This has 
since become the standard treatment and can be achieved by surgery or endovascu-
lar route [ 4 ,  7 ,  11 ,  12 ,  18 ,  27 ]. 

 According to angiography studies, nearly 80 % of SDAVF lesions are found 
between T6 and L2; only 4 % are sacral and 2 % are high cervical near the foramen 
magnum, while low cervical are extremely rare [ 7 ,  18 ,  28 – 30 ]. Rarely do patients 
have more than one fi stula (0.5–4 % of cases) [ 11 ,  18 ,  31 ,  32 ]. In their large study of 
326 patients, Donghai et al. [ 11 ] found that 82.5 % of the lesions were located at T5 
to L5. The most common locations were T7 (12.6 %), T6 (9.8 %), T5 and T9 (8.6 % 
each), and L1 (8.3 %). Only 6 % were found in the upper thoracic region and 3.5 % 
in the cervical region. In the Toronto Western Hospital series, 94 % of the fi stulas were 
located between T5 and S1; most were at T7, with a left side (70 %) propensity [ 18 ]. 

  Fig. 4    ( a ) Axial view, T1 with gad, showing the posterior and anterior longitudinal veins. ( b ,  c ) 
High-resolution T1 with gad coronal views showing the posterior ( b ) and anterior ( c ) part of the 
canal with the posterior and anterior longitudinal veins (mildly enlarged), respectively       
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Upper extremity involvement is a localizing sign. It develops only in patients with 
fi stulae in the cervical spine; presentation with SAH is very rare (1.8 % of cases) and 
it develops only in SDAVF at the level of the foramen magnum [ 11 ,  18 ,  33 ]. 

 In the evaluation of SDAVF, two factors must be taken into consideration: the rate 
of fl ow (low/high) at the fi stula and the number of thrombosed/occluded radicular 
veins. The relationship between these two factors affects the development and the 
degree of edema, which, in turn, predicts the severity of the clinical disease [ 7 ,  24 ]. 
The higher the fl ow at the fi stula and/or the greater the number of nonfunctional 
radicular veins, the less effi cient the drainage of the intradural space and the greater 
the risk of cord edema and dysfunction. This is the explanation for the wide spec-
trum of MRI fi ndings, ranging from no edema to whole cord edema and for the 
variable clinical picture, from incidental fi nding to quadriparesis. 

 The 15-year experience of our group with 40 patients with SDAVF suggests that 
as in cranial dural AVF [ 34 ], the venous impairment is the most important factor and 
controls the disease process (unpublished observation). This is supported by data in 
both recent and older articles [ 18 ,  24 ,  35 ] and from the extrapolation of data on 
intracranial AVF. 

 The progression of the edema is usually from the posterior cord, mainly from the 
conus caudally (Fig.  5 ), in cephalad direction. This phenomenon is probably attribut-
able to the fewer venous drainage channels in the lower thoracic spinal canal than in 
the cervical spine [ 36 ], making the lower thoracic spine more vulnerable to congestion 
and a rise in intradural venous pressure [ 7 ,  37 ]. Accordingly, symptoms may be due to 
conus myelopathy even though the shunt itself is remote from the conus. Support for 
this theory was provided by studies reporting conus involvement in more than 90 % of 
cases [ 7 ,  11 ,  38 ]. However, in the large series of Wang et al. [ 11 ], only 26 % of patients 
had edema in the conus. Others showed that focal edema does not always reach the 
conus, with about 10 % of patients having no cord edema at all [ 11 ,  38 ].

   Houdart et al. in 2001 [ 39 ], in a good example of the natural history of SDAVF, 
described an incidental fi nding of SDAVF in a patient 2 years before the appearance 
of symptoms of progressive bilateral leg weakness and micturition diffi culties. 
Researchers speculate that the co-occurrence of asymptomatic or non-edema- 
related spinal dural shunt/fi stula concomitant with mild venous drainage impair-
ment due to few radicular vein malfunction most likely represents the early stage of 
the disease process, and ultimately, due to deterioration in the function of the radic-
ular veins, cord impairment developed [ 7 ]. This theory is supported by the recent 
and very important study of Hetts et al. [ 24 ] which showed a clear correlation 
between severity of the cord edema, the clinical fi ndings, and the length of the intra-
dural draining veins from the fi stula to the point of drainage to the extradural venous 
system. The extent and length of these engorged veins are functions of the severity 
of the radicular vein occlusion. The drainage ability of the cord to the extradural 
system decreases with an increase in the number of dysfunctional radicular draining 
veins. 

 Along the same lines, studies have shown that pressure on the venous side of the 
fi stula may be as high as 74 % of the systemic arterial mean pressure [ 15 ,  40 ]. 
Accordingly, some patients report symptom exacerbation after physical activities 
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known to cause increase in blood arterial pressure. This is probably attributable to 
congestion caused by the increased fl ow within the fi stula and the consequent 
increase in intradural venous pressure in the presence of a lack of change in 
drainage. 

 The diffi cult distinction between SDAVF and perimedullary fi stula is highlighted 
by the 1926 report of Foix and Alajouanine. The authors describe two men aged 29 
and 37 years old who presented with ascending myelopathy and died 33 and 
11 months, respectively, after disease onset [ 7 ]. Postmortem examination revealed 
extensive necrosis of the cord, mainly the lower cord, more gray than white matter, 
involvement of the anterior and posterior roots, and degeneration of the long tracts. 
Interestingly, increased thickness of the intra- and extramedullary vessel walls was 
noted, with lumen dilatation and marked tortuosity. The vascular changes are now 

  Fig. 5    Cord edema, enlarged vessels, and enhancement of the conus in a patient with a long- 
standing history of spinal dural AV fi stula. ( a ,  b ) T2 sagittal view of the thoracolumbar spinal cord 
showing cord edema ( white arrow  in  a ) and enlarged vessels ( black arrow  in  b ). ( c ) T1 sagittal 
view with fat suppression showing conus enhancement ( arrow head ) and large enhanced vessel 
( white arrow )       
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recognized to represent a long-standing increase in vessel fl ow and pressure with 
venous congestion due to arterialization. The fi ndings within the cord represent 
subacute necrotizing myelopathy, which has been described in several other dis-
eases as well [ 7 ]. These cases have traditionally been considered the fi rst documen-
tation of SDAVF in the medical literature. However, SDAVF (type 1) has many 
clinical features in common with perimedullary fi stula (type 4a), probably because 
of the same underlying mechanism of spinal damage. The clinical defi cit in peri-
medullary fi stula has also been attributed to intradural venous congestion and, in 
some cases, to subacute necrotizing myelopathy. Therefore, it is possible that the 
patients described by Foix and Alajouanine had a perimedullary fi stula (type 4a), 
and not SDAVF, especially given the diffi culty in differentiating the two entities 
without angiography [ 38 ]. Furthermore, all large series of SDAVF published since 
2004 report that less than 1 % of cases occur in patients less than 30 years old [ 7 ]. 
Therefore, it is highly unlikely to have two young patients with SAVDF in one 
small series. 

 The radicular vein dysfunction in SDAVF had not been described in perimedul-
lary spinal fi stula. However, the currently available knowledge on vascular AVMs/
AVFs within the central nervous system suggests that part of the symptoms of peri-
medullary spinal fi stula are due to venous changes/occlusion/malfunction.  

    Etiology 

 The etiology of SDAVF is unknown. Based on fi ndings that intracranial dural fi stu-
las are attributable to cerebral vein thrombosis and associated with factor V (Leiden) 
defi ciency [ 7 ], researchers have suggested that SDAVF may be due to a reopening 
of a thrombosed radicular vein. The study of Merland et al. [ 14 ] implied that radicu-
lar vein occlusion/thrombosis is part of the disease. However, an association of 
SDAVF with thrombophilia has not been directly documented [ 7 ].  

    Clinical Findings 

 SDAVF is an underdiagnosed disease often misdiagnosed [ 41 ]. The presenting 
symptoms consist of sensory and/or motor defi cits ascending from the feet and 
mimicking polyneuropathy/radiculopathy. This is mostly due to venous congestion 
and cord edema. The initial symptoms can be mild, are often nonspecifi c, and 
include gait diffi culties, symmetrical or asymmetrical sensory defi cit, diffuse or 
patchy sensory loss, and radicular pain [ 17 ]. Moreover, signs of mild myelopathy 
may be present without imaging evidence of spinal cord edema [ 4 ,  7 ,  42 ,  43 ]. The 
motor weakness is unilateral in 24 % of cases and bilateral in the remainder; the 
sensory disturbances tend to be bilateral and asymmetrical [ 11 ]. Patients often have 
a combination of symptoms and signs of upper and lower motor neuron defi cits 
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[ 2 ,  4 ,  5 ,  7 ,  18 ], which may be misleading during diagnosis [ 11 ,  18 ,  33 ,  44 ]. 
Paresthesia occurs at no clear level, with or without lower back pain, similar to 
degenerative disease [ 33 ]. On the rare occasions when the edema involves the cervi-
cal spine, the upper extremities may be affected [ 18 ]. The neurologic defi cit pro-
gresses at a different rate in different patients; it can be stepwise or acutely worsen 
to paraplegia and incontinence [ 7 ,  37 ] and, as noted above, can be after physical 
activity, prolonged standing, exercise, and changes in posture. In most cases, bowel 
and bladder incontinence and sexual dysfunction appear late in the course of disease 
[ 7 ] and are signs of severe cord damage. There are also instances in which the dis-
ease starts acutely with late stabilization and then progresses. In part of cases, sen-
sory symptoms are the fi rst or dominant symptoms. Pain has been reported in 
50–60 % of patients but is rarely the only presenting symptom [ 7 ,  18 ,  33 ]. 

 Additional rare signs and symptoms are hemorrhage into the spinal subarachnoid 
space (1.8 % of patients) [ 4 ,  11 ,  18 ], attributable to a cervical location of the fi stula, 
mainly near the foramen magnum [ 7 ,  11 ,  18 ], and headaches due to intracranial 
subarachnoid hemorrhage [ 7 ]. Bleeding or an aneurysm in the feeding artery or at 
the fi stula site [ 4 ] is much less common than in perimedullary fi stula. In our experi-
ence of the last 15 years, only one of our 40 patients had a small aneurysm in the 
feeding artery of a left T5 fi stula with relatively high fl ow.  

    Diagnosis 

 The interval from symptom onset to diagnosis varies from several days (for acute 
presentations) to many years (for slow-fl ow and unaggressive fi stulas) [ 4 ,  7 ,  11 , 
 18 ]. The nonspecifi c nature of the symptoms, the mixed presentation sometimes 
including signs of both upper and lower motor neuron defi cits (60 % of cases) [ 11 , 
 18 ,  33 ,  44 ], the variable disease course [ 4 ,  11 ,  14 ], and misleading fi ndings on 
imaging studies can lead to a delayed or missed diagnosis. This problem is exac-
erbated by the presence of spinal degenerative, prostatic, or vascular insuffi ciency 
comorbidities, given the generally older age of the patients and lack of awareness 
of SDAVF among neurosurgeons, neurologists, orthopedic surgeons, and radiolo-
gists [ 4 ,  11 ,  15 ,  33 ,  45 ]. Indeed, many patients undergo unnecessary invasive 
interventions such discectomy and laminectomy or fusion, prostatic surgery, or 
biopsies before the correct diagnosis is made [ 7 ,  11 ,  14 ]. It is important that clini-
cians distinguish SDAVF from poly(radiculo)neuropathy by involvement of the 
upper extremities (rare in SDAVF), presence of sensory sacral involvement (very 
rare in polyneuropathy), and presence of upper neuron signs (rare in polyneuropa-
thy) [ 7 ]. Additionally, any sensory or motor leg defi cits are usually asymmetric in 
SDAVF and symmetric in poly(radiculo)neuropathy. Myelitis may be associated 
with “engorged” veins in MRI examination that can mimic the fi nding in 
SDAVF. Both SDAVF and enlarged prostate may cause bladder incontinence and 
micturition diffi culties. Careful neurologic examination is important to rule out 
this entity, the SDAVF. 
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 Owing to diagnostic delay, many patients have severe motor/sensory, sexual, and 
sphincteric dysfunction already at diagnosis; 10–30 % are confi ned to a wheelchair 
at the time of diagnosis [ 4 ,  7 ,  11 ,  33 ]. In the largest series of patients with SDAVF 
reported to date, Wang et al. [ 11 ] found that the most common initial symptoms 
were lower extremity motor weakness (71.8 %), sensory defi cit (70.2 %), and 
sphincter disturbance (26.7 %). At the time of diagnosis, because of propagation of 
the disease, the prevalence rates of these symptoms were 80.8 %, 85.6 %, and 
52.5 %, respectively [ 11 ]. The rate of initial misdiagnosis was 81 %, and of errone-
ous treatment, 62 %. The main misdiagnoses were degenerative spinal disease (50 % 
of cases), myelitis (22 %; Figs.  6  and  7 ), prostatic disease (5 %), and intermedullary 
tumor (4.5 %) [ 11 ]. This is unfortunate because some of the  potentially treatable 
clinical defi cits may become irreversible if caught too late [ 4 ,  7 ,  11 ,  18 ].

    This trend may be improving, however. Our review of the literature suggested that in 
the more recent studies, more patients were diagnosed while asymptomatic or with only 
mild disease relative to earlier studies. This is probably due to increasing efforts to alert 
physicians to SDAVF, increased availability of MRI, and advances in diagnostic modes.  

a b c d

  Fig. 6    Myelitis mimicking a spinal fi stula. A 50-year-old female who presented 6 months ear-
lier with an acute attack of myelopathy with mild progression since. MRI disclosed high signal 
on T2 images at the center of the cord ( a ) and some “abnormal vessels” in the thecal sac ( arrow  
in  b ). ( c ) Follow-up MRI showing improvement in the T2 changes. Now, it looks more like a 
syrinx. Also seen are CSF fl ow artifacts behind the cord. ( d ) Fewer vessels are seen on sagittal 
T1 post GAD       
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    Imaging 

 The defi nitive diagnostic mode of SDAVF is spinal angiography (Fig.  2 ); however, 
magnetic resonance imaging (MRI) is today the fi rst tool in searching the disease 
(Fig.  8 ). Myelography or CT myelography can be used in rare cases where MRI is 
contraindicated.

a b c

  Fig. 7    Normal spinal angiography with no evidence of a fi stula (same case presented in Fig. 6). 
The anterior spinal artery seen in ( a ) ( short arrows ) has a normal appearance without a delay in the 
venous phase washout ( arrows  in  b ,  c ). Blush of the vertebra is seen in the upper part of ( b ,  c ), as 
a sign for the good quality of the run       
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a b c

d e

  Fig. 8    MRI of a patient with SDAVF that had symptoms for more than a year, showing the classi-
cal fi ndings of cord swelling and high signal at the center of the cord ( arrow  in  a ,  d ). Multiple 
enlarged veins in the subarachnoid space can be seen as fl ow voids in ( b ) ( arrow ) and as enhanced 
serpentine vessels in ( c ,  d)  ( arrow ). ( a ,  b,  sagittal TSE-T2;  c , sagittal T1, fat suppuration with 
gadolinium;  d , axial TSE-T2;  e,  axial SE-T1 with gadolinium)       
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      MRI Findings 

 The presence of a SDAVF is classically characterized by a triad of fi ndings on rou-
tine MRI [ 4 ,  7 ,  11 ,  45 ]. (a) A cord hyperintensity signal on T2-weighted images, 
mainly centrally, is suggestive of cord edema (Fig.  8a, d ), present in 90 % of cases 
[ 7 ,  11 ,  38 ]. The cord edema may be focal or encompass multiple, continuous seg-
ments; rarely, whole cord edema is found. Cord expansion may be seen as well. (b) 
T2 fi ndings of enlarged pial fl ow voids around the cord, especially dorsal to the cord 
within the subarachnoid space (Fig.  8b ), represent engorged veins [ 4 ,  7 ], present in 
nearly 80 % of cases [ 11 ,  38 ] on routine MRI. Enlarged veins in the subarachnoid 
space can be better detected on heavy T2-weighted sequences, such as constructive 
interference in steady-state (CISS) or fast imaging employing steady-state acquisi-
tion (FIESTA),owing to the myelographic effect. The vessels appear as serpentine- 
fi lling defects. However, these sequences are less sensitive to the T2 changes within 
the cord. Sometimes, the void is visible only on T1 contrast-enhanced images 
because of the slow fl ow in the fi stula [ 4 ]. Flow voids are more prevalent in recent 
studies, possibly refl ecting advances in MRI technology [ 7 ]. (c) Enhancement 
within the cord on T1 postcontrast images may be due to venous engorgement and 
disruption of the blood-brain barrier [ 43 ,  46 ]. It usually develops at a late stage in 
the course of the disease and is suggestive of an aggressive course and a damaged 
cord. Later in the disease course, the cord might show atrophy [ 4 ,  14 ,  19 ,  47 ]. 

 Routine MRI fi ndings of cord edema together with abnormal intratracheal ves-
sels have a high sensitivity and 97 % specifi city for a diagnosis of spinal fi stula [ 38 ]. 
The addition of heavily T2-weighted CISS and FIESTA sequences may increase the 
diagnostic sensitivity if abnormal vessels are suspected on regular spinal MRI [ 4 ]. 
However, cord edema is not visualized in about 10 % of cases and vessel dilatation 
in about 20 % [ 11 ,  38 ]. Furthermore, in the early disease stages before damage to 
the blood-brain barrier, the cord does not appear to be enhanced [ 4 ,  11 ]. Since there 
are fewer venous outfl ow channels within the lower thoracic and upper lumbar 
regions, researchers propose that the venous congestion is likely to appear fi rst 
within the conus medullaris and move caudally as congestion worsens [ 4 ,  7 ,  14 ]. 
However, Wang et al. [ 11 ], in the largest series of SDAVF, reported conus edema in 
only 26 % of cases. In 6 % of patients, no changes are visible on routine MRI [ 11 , 
 13 ,  19 ] despite the presence of symptoms of radicular pain and clinical signs of mild 
myelopathy [ 4 ,  7 ,  11 ,  16 ]. In these cases, the fi stula was found later, on angiography 
or during surgery [ 11 ]. The introduction of high-tesla MRI machines and new 
sequences (e.g., CISS and FIESTA) may help to reduce these rates [ 4 ]. 

 Some fi stulas might be detected on MRI incidentally when a patient is still 
asymptomatic or only has mild symptoms [ 16 ]. Multiple engorged veins are seen 
within the subarachnoid space, without an abnormal signal within the cord paren-
chyma [ 16 ]. Jellema et al. [ 7 ] described an incidental fi nding of a radicular artery-
to- vein fi stula on postmortem study of subjects without myelopathy. The 
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hyperintense signal in the cord is sometimes diffi cult to interpret, mainly in patients 
without clearly abnormal vessels, and can suggest other cord diseases such as spinal 
infection or myelitis [ 4 ,  5 ,  7 ,  11 ,  42 ]. This problem may be partly solved with use of 
the newer, higher-quality MRI machines where cord signal changes and confi gura-
tion are better visualized and interpreted. At the same time, clinicians should be 
aware that in some healthy patients, the new machines and sequences can visualize 
the median veins, mainly the posterior ones (Fig.  4 ) [ 48 – 50 ]. This normal “variant” 
can sometimes lead to a false-positive MRI diagnosis of fi stula and to unneeded 
spinal angiography. 

 MRI rarely identifi es the location of the lesion because there is no correlation 
between the fi stula level, the T2 signal changes, and the perimedullary dilated ves-
sels [ 4 ,  11 ]. First-pass magnetic resonance angiography (MRA) with gadolinium 
enhancement may depict the early fi ling of the radicular veins, thereby identifying 
the lesion level [ 4 ,  11 ,  38 ,  51 ,  52 ]. This increases the sensitivity of MRI by differen-
tiating SDAVF from perimedullary fi stula, which involves different feeding vessels, 
and helps guide the neurointerventional team during spinal digital subtraction angi-
ography (DSA), limiting the number of levels that need to be screened [ 50 ,  53 ] and 
thereby reducing procedural time and radiation dose [ 21 ,  50 – 53 ]. MRA should be 
performed on a good-quality machine by an experienced team using 3D gradient 
echo volume acquisition with a dynamic injection in the arterial phase in the sagittal 
or coronal planes, followed by maximum intensity projection reconstruction [ 50 ]. 
Some studies reported a nearly 100 % sensitivity of MRA for SDAVF, whereas oth-
ers had lower rates of around 80–90 % and also some false-positives [ 38 ,  50 ,  51 , 
 54 ]. MRA and MRI may aid in posttreatment follow-up studies, in the evaluation of 
residual or successfully treated SDAVFs [ 18 ,  53 ]. 

 Computed tomography angiography (CTA) has similar potential to 
MRA. However, when the level of the fi stula cannot be determined on routine MRI, 
the entire spine would need to be scanned by CTA, exposing patients to a very high 
radiation dose [ 4 ,  7 ]. The recent high-quality 128- and 256-multidetector CT devices, 
which decrease the whole-body radiation time and dose, may solve this problem. So 
far, experience with this tool is too sparse to recommend it for this purpose. 

 Myelography or CT myelography is used today for the diagnosis of SDAVF only 
when MRI/MRA is contraindicated. The presence of atherosclerotic changes and 
orifi ce feeder occlusion is a case where CT myelography could be useful to locate 
fi stulas that could not be detected angiographically [ 7 ,  55 ].  

    Angiography 

 Conventional spinal angiography is still considered the diagnostic gold standard for 
spinal fi stulas, including SDAVF. However, it is available only in specialized centers 
[ 38 ] and the procedure is invasive and demanding owing mainly to the generally 
older age of the patients and the common presence of atherosclerotic changes in the 
aorta that make catheterization of the segmental vessels diffi cult. When the level of 
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the fi stula cannot be determined by CTA or MRA, or when routine MRI clearly sug-
gests the presence of a fi stula, we prefer angiography under general anesthesia so 
that embolization can be continued directly, if feasible. In older patients or patients 
with a low level of cooperation, angiography is also performed under general anes-
thesia; the lesser patient movement and better breathing control allow for better 
quality images and more patient comfort during the long procedure. When the pre- 
angiography diagnosis is not clear-cut and the patient is young and cooperative, we 
use local anesthesia. 

 If the fi stula level is unknown or the diagnosis is unclear, all segmental spinal 
feeders should be screened, starting at D5 and descending level by level to the lower 
lumbar and mid-sacral spine and then the two common and internal iliac arteries. 
Most SDAVF are located at the mid–lower thoracic spine (70–80 %) so it is searched 
fi rst [ 7 ,  11 ,  56 ]. If the fi stula is still not revealed, the upper thoracic segmental ves-
sels are visualized, and the subclavian arteries and their branches are explored. The 
two vertebral and two common and external carotid arteries are inoculated also 
selectively to explore any fi stula that fed by them. To avoid missing a very slow-fl ow 
fi stula, we use a low frame rate with two images for 4 s and then one image for 15 s. 
This also reduces the radiation dose and prevents tube heating. Once the fi stula is 
located, we perform runs at higher speed in different angulations at that level to 
explore the lesion’s angiographic architecture for the option of embolization. A 
good-quality run is defi ned as the presence of a hemi-vertebral blush following 
injection of contrast medium into the segmental artery (Figs.  2a ,  3b ,  7b, c , and  9c ). 
The blush indicates that enough contrast medium has reached the meningeal 
branches that involved when a fi stula exists. If the run is poor, the catheter is repo-
sitioned and the run repeated.

   The angiographic hallmark of a SDAVF is early fi lling of an enlarged radicular 
vein running into the middle and then fi lling of multiple enlarged serpentine drain-
ing veins, the coronal veins, in an ascending or descending direction (Figs.  2  and  3 ). 
These veins then drain into other radicular veins, if open, or up into the intracranial 
space or down to the sacral area. The anterior spinal artery, if found, is characterized 
by slow fl ow and stasis due to the cord edema and venous congestion. The dural 
fi stula may be supplied from the same segmental artery but also from contralateral 
arteries or segmental arteries at levels above or below the fi stula. These feeders can 
be used for embolization. 

 DSA is an invasive procedure requiring a high level of expertise. On the one 
hand, some authors recommend that it should not be performed if the MRI study is 
totally negative or that it should be limited to cases in which there are some fi ndings 
on MRI and a high clinical suspicion of SDAVF [ 38 ,  57 ]. On the other hand, in the 
large series of Wang et al. [ 11 ], 10 % of patients with SDAVF had no MRI fi ndings. 
Saraf-Lavi et al. [ 50 ] also reported a 10 % rate of SDAVF in the absence of fi ndings 
on both routine MRI and fi rst-pass MRA. Given that the absence of conus edema, 
or of other imaging fi ndings on MRI/MRA, does not rule out fi stula and that some 
patients have only one of the known fi ndings, we believe, contrary to Toossi et al. 
[ 38 ], that continued evaluation with spinal angiography is needed when clinical 
suspicion is high. 
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 SDAVF is ruled out angiographically if no fi stula is found and the radiculomed-
ullary injection shows good anterior spinal artery fl ow with no spinal venous delay 
(seen best near the conus) (Fig.  7 ) [ 21 ]. In suspected cases in which a fi stula is not 
identifi ed, all runs should be re-read before a fi nal conclusion is reached. Some 
studies have reported identifying a lesion on the second reading [ 50 ]. In some cases 
(3 %), a second or third angiogram needs to be performed, and rarely, if the fi stula 

a b c
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  Fig. 9    Treatment of a SDAVF with multiple feeders using glue (same case presented in Fig. 3). ( a ) 
The fi stula is located at the  left  D12–L1 foraminal level. The radicular vein (R) and coronal veins 
(C). ( b ) Selective injection from the microcatheter in a wedge position showing the point of the 
fi stula in the dura (F) and the retrograde drainage in the radicular vein (R). ( c ) The radiculomedul-
lary magna artery (Adamkiewicz artery,  arrow ) arising from the  left  D8 intercostal artery feeding 
the anterior spinal artery ( arrow heads ), before embolization of the fi stula. ( d ) Non-subtracted 
image of D12 after the fi rst injection of diluted glue (18 %) into the fi stula, showing the glue cast 
in the radicular vein ( arrow ). ( e ) Contrast injection showed incomplete occlusion of the fi stula and 
fi lling from a second branch due to incomplete obliteration of the venous side ( arrow  points at the 
fi lling defect in the vein). This remnant was occluded with a second glue injection. This is demon-
strated in part  f  showing a non-subtracted image of the fi stula and the venous part fully obliterated 
with glue. At this stage, the fi stula was cured       
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is with very low fl ow or the patient’s aorta is severely diseased due to atherosclerotic 
changes with segmental artery occlusion, exploratory surgery is necessary to fi nd 
and treat the fi stula [ 7 ,  11 ,  18 ]. Studies show that in 3 % of patients, diagnostic 
angiography itself causes acute clinical deterioration warranting immediate treat-
ment. These cases need to be distinguished from deterioration due to a rare, unde-
tected second fi stula [ 4 ,  11 ,  18 ]. There are several reports describing the use of 
3-dimensional angiography in the evaluation of spinal lesions and the correct work 
position to reach the fi stula [ 42 ]. 

 The differentiation of perimedullary fi stula from SDAVF is very diffi cult by 
MRI. Therefore, the diagnosis also takes the clinical signs and symptoms into 
account, together with gadolinium-enhanced three-dimensional MRA or CTA fi nd-
ings [ 4 ,  18 ,  21 ]. On conventional spinal angiography, like SDAVFs, perimedullary 
fi stulas drain into the intradural veins; however, in contrast to SDAVF, they are sup-
plied by pial arterial branches due to the location of the fi stula at the subpial space. 
By contrast to SDAVFs, fl ow increases in the pial arteries (anterior or posterior or 
both spinal arteries) owing to the fl ow demand by the pial fi stula; an increase in pial 
venous fl ow is observed (due to the abnormal arteriovenous pial connection) and no 
clear sign for interference/occlusion of the radicular veins. There is no clear expla-
nation for the venous drainage impairment in SDAVF.   

    Treatment 

 The spontaneous occlusion of a SDAVF is very rare [ 7 ,  56 ]. Treatment is directed at 
halting the progression of symptoms or even reversing them [ 7 ,  8 ,  21 ]. There are 
two main options: endovascular treatment and open surgery, alone or in combina-
tion [ 4 ,  7 ,  11 ,  18 ,  45 ,  58 ]. Both involve disconnecting the draining radicular veins at 
the fi stula at the point of dural attachment, to eliminate the source of congestion in 
the intradural venous system [ 4 ,  5 ,  7 ,  18 ,  26 ,  27 ,  45 ] and thereby decrease the edema 
[ 3 ,  4 ,  18 ,  59 ]. However, the reduced venous drainage due to the malfunction of the 
radicular veins cannot be resolved with the tools available. Whether treatment is 
necessary in patients with asymptomatic fi stulas remains controversial [ 16 ], as 
symptoms may appear even 2 years after an incidental fi nding of SDAVF [ 39 ]. We 
believe asymptomatic patients, if left untreated, should be closely followed clini-
cally and with serial MRIs and be treated immediately when any new relevant clini-
cal signs appear.  

    Endovascular Treatment 

 In endovascular surgery for SDAVF, a liquid embolic material (glue or Onyx) is 
injected to permanently occlude the venous side of the fi stula. Prior to the emboliza-
tion, a diagnostic angiography is performed. Exploration must include all the 
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segmental arteries at the level of the fi stula and also one level above and below on 
both sides in order to have a complete understanding of the vasculature anatomy 
around the lesion and chose the best feeder to approach and embolize the fi stula. 
These vessels should be checked again at the end of embolization to rule out any 
fi stula remnants. It is essential to completely fi ll the proximal part of the radicular 
vein in order to prevent recanalization (Fig.  9 ) [ 3 ,  4 ,  7 ,  16 ,  18 ,  44 ,  59 ]. Particles are 
insuffi cient because they tend to occlude only the arterial side (feeders) and not the 
draining vein – the fi stula side [ 4 ,  5 ,  7 ,  18 ,  35 ]. If the fi stula is not completely fi lled, 
any clinical improvement will be temporary, and recanalization will eventually 
occur by recruitment of fl ow from nearby dural vessels [ 4 ,  5 ,  7 ,  18 ,  27 ,  60 ]. 

 When using glue, the microcatheter should be placed in a wedge position near 
the lesion. To do so, the microcatheter must be the same size as the feeding artery, 
so the fl ow distal to its tip depends only on the pressure and fl ow in the catheter. This 
allows the invasive neuroradiologist to maintain full control over the lesion with a 
very low risk of refl ux of the injected material. The glue is injected after holding 
respiration to prevent patient motion. The proper concentration of glue is deter-
mined by the rate of fl ow at the fi stula, the location of the microcatheter relative to 
the fi stula, successful placement of the catheter in the wedge position, and the loca-
tion and confi guration of the radicular vein connection to the spinal coronal veins. 
In most of our cases, the concentration ranges between 18 % and 25 %. The glue 
should not reach the coronal veins, and the microcatheter should not stick to the 
vessel wall due to a too-long injection. We prefer to perform the injection using a 
zero roadmap and not on a run. 

 When the liquid embolic material reaches the venous side and fi lls its fi rst few 
centimeters, the fi stula is considered cured (Fig.  9f ) [ 5 ,  18 ,  27 ,  61 ,  62 ]. If this does 
not occur, the patient should be referred for surgery [ 4 ,  11 ] immediately. Defi nitive 
treatment should not be delayed based on the transient clinical improvement. The 
two main reasons for treatment failure are failure to place the microcatheter in the 
wedge position and placement of the microcatheter too far from the lesion due to 
diffi culties in navigation. 

 Onyx was introduced about 15 years ago for use in the treatment of brain AVMs 
and dural fi stulas. It has proven to have a high success rate in intracranial dural fi s-
tula surgery [ 63 ] and has been used by some groups for spinal dural fi stulas as well 
[ 11 ]. We have had some experience with Onyx in patients with SDAVF, but not 
enough to recommend its use. Most of the reported studies are from centers that 
found glue to be associated with a low rate of recanalization [ 4 ,  7 ,  18 ,  27 ] and it is 
the favor material to be used till now. 

 In general for both glue and Onyx, if the radiculomedullary branch (including the 
radiculomedullary magna – artery of Adamkiewicz) arises from the same segmental 
branch as the fi stula, surgery is preferred over endovascular treatment to avoid their 
accidental embolization [ 4 ,  7 ,  11 ,  18 ,  27 ]. However, we have found that if a wedge 
position can be achieved suffi ciently far from the origin of the nearby radiculomed-
ullary artery, meticulous injection of glue without refl ux may be performed. Surgery 
is also preferred in patients with tortuous feeders that cannot be safely catheterized 
close enough to the fi stula.  
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    Surgical Treatment 

 Surgical occlusion of the SDAVF is simple and safe. It involves hemilaminectomy 
with exposure of the dura, opening the dura to identify the radicular vein, following 
the vein to its dural attachment and the fi stula point [ 3 ,  11 ,  18 ], and coagulating/
clipping the vein at its attachment to separate it from the dura. Effective occlusion 
of the dura is indicated by an immediate change in color (to blue) of the arterialized 
intradural veins. Some surgeons also coagulate the small feeders on the outer side 
of the dural wall, although we believe this is not necessary and can damage the 
radiculomedullary branch if it is running nearby, causing cord infarction. The only 
location in which surgical occlusion is diffi cult is the sacral region [ 52 ]. 

 There have not been direct prospective randomized comparisons between open 
surgery and endovascular embolization. A meta-analysis performed by Steinmetz 
et al. (2004) found the success rate of open surgery in SDAVF to be 98 % [ 64 ], and 
of endovascular embolization 46 %. However, with the introduction of technologi-
cal improvements in angio suites and microcatheters and growing experience with 
the technique, reported rates of successful endovascular surgery have been rising up 
to 70–80 % (Table  1 ) [ 5 ,  18 ,  27 ]. The morbidity associated with endovascular sur-
gery when performed by an experienced team is very low [ 5 ,  7 ,  11 ,  18 ,  27 ].

   According to our experience, and in agreement with several studies [ 11 ,  18 ], 
because endovascular treatment is less invasive, the postoperative course is less 
painful than after open surgery, and the hospital stay is shorter. An attempt of 

   Table 1    The main publications regarding surgical and endovascular treatments of SDAVF   

  Period    # of cases    Success  

 Symon et al. [ 65 ]  1952–1982  Surgery 55  85 % 
 Mourier et al. [ 66 ]  1978–1988  Embolization 63 

 Surgery 30 
 64 % 
 97 % 

 Niimi [ 27 ]  1980–1995  Embolization 49  80 % 
 Westphal and Koch [ 67 ]  1990–1998  Embo 35 

 Surgery 37 
 42 % 
 Not specifi ed 

 Song et al. [ 68 ]  1985–1999  Embolization 23 
 Surgery 14 

 70 % 
 100 % 

 Van Dijk et al. [ 44 ]  1986–2001  Embolization 44 
 Surgery 35 

 25 % 
 100 % 

 Steinmetz et al. [ 64 ]  1995–2004  Surgery 18  100 % 
 Ruiz-Jureschke et al. [ 69 ]  1995–2007  Embolization 9 

 Surgery 10 
 55.6 % 
 90 % 

 Su et al. [ 70 ]  1992–2012  Embolization 66 
 Surgery 24 

 60 % 
 Not specifi ed 

 Kirsch et al. [ 71 ]  1992–2012  Embolization 61 
 Surgery 31 

 77 % 
 Not specifi ed 

 Muralidharan et al. [ 72 ]  1985–2008  Surgery 154  94.8 % 
 Gokhale [ 73 ]  1993–2013  Embolization 10 

 Surgery 17 
 70 % 
 100 % 
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 embolization during angiography [ 18 ] is acceptable if the lesion is found to be suit-
able. If the embolization fails, then the glue or Onyx that was injected can serve as 
a marker for fl uoroscopic localization of the fi stula, before the skin is cut at surgery 
[ 4 ,  27 ]. However, in some centers, owing to the high cure rate of surgery relative to 
embolization, patients are sent directly to open surgery [ 11 ].  

    Follow-Up and Prognosis 

 The edema and vessel engorgement have to regress after complete closure of the 
fi stula [ 59 ]. Postoperative recovery depends on the severity of the disease (clinical 
and imaging features) at the time of treatment [ 4 ,  7 ,  11 ]. In our experience, the dura-
tion of the disease before treatment is also an important factor. A long segment of 
severe edema and cord enhancement, severe neurologic defi cit, and sphincteric mal-
function are bad prognostic signs [ 4 ,  7 ,  11 ,  14 ,  24 ]. Around 80 % of patients have 
some clinical (motor and sensory) improvement; the rest do not improve at all or 
even show clinical deterioration (4.5–11 %) despite fi stula occlusion [ 4 ,  7 ,  11 ]. The 
motor defi cits tend to regress more (70 % of cases) than the sensory defi cits (33 % 
of cases), and sphincter disturbances can persist or improve mildly. Sexual dysfunc-
tion is seldom reversible in patients with long-term disease. Pain, especially foot 
pain, often persists [ 4 ,  7 ,  11 ,  74 ]. The mechanism underlying postoperative failure 
to improve symptoms or prevent their deterioration is unknown. 

 In the past, we performed follow-up angiography routinely in all patients after 
surgery or embolization for SDAVF. In the last 6 years, we have relied on a clinical 
examination and MRI scan done 3–6 months after treatment. If the patient shows 
clinical improvement and the MRI shows less cord edema and less vessel engorge-
ment, we continue with follow-up 6 months later. If there is no clinical improvement 
or no changes on MRI from the pretreatment scan, we perform urgent spinal angi-
ography to rule out reopening of the fi stula or to reveal a second one as can be found 
in 3 % of patients [ 11 ,  18 ,  32 ]. In addition, our experience has shown that in some 
patients who deteriorate in an acute fashion, sometimes to paraplegia and sphincter 
dysfunction, an urgent treatment may lead to dramatic improvement within days.  

    Summary 

 SDAVF is a rare underdiagnosed disease with a known clinical- and imaging-based 
differential diagnosis. Search for a fi stula is prompted clinically by signs or symp-
toms of ascending motor or sensory disease combined with lower upper and motor 
neuron signs, particularly in middle-aged patients. MRI is the main diagnostic tool, 
with the aid of MRA or CTA to identify the lesion location. The spinal angiography 
is the defi nitive diagnostic mode and needs experienced team. The spectrum of 
clinical and imaging fi ndings varies with the extent of impairment of intradural 
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venous drainage to the extradural veins at the level of the radicular vein in the spi-
nal canal. The tools available today do not allow for treatment of the drainage 
impairment itself, while the fi stula can be successfully eliminated in a high percent-
age of patients with the tool we have today. We believe if embolization can be done 
safely, it should be pursued. Endovascular surgery, performed by experienced 
teams with modern techniques and equipment, has a success rate of 70–80 %. This 
is lower than the reported rate of surgery, although surgery is more invasive. 
Clinicians should be alerted to the possibility of SDAVF because early treatment 
can improve prognosis and prevent the symptoms from worsening to the point of 
irreversibility. 
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   Abstract     Intracranial meningiomas are tumors arising from the covering cells of 
the arachnoid layer of the dura mater or from the intraventricular choroid plexus. 
While mostly benign tumors, they still represent a major challenge to neurosur-
geons and other medical disciplines involved in their diagnostic and therapeutic 
management. Although this review intends to give some state-of-the-art information 
from the literature, it is mainly based on personal experiences since more than 30 
years caring for more than 1500 meningioma patients and point to a few new strate-
gies to further improve on patient outcome. 

 Diagnostics are based on magnetic resonance imaging which shows the relation-
ship between tumor and surrounding intracranial structures, particularly the brain 
but also the vasculature and to some extent the cranial nerves. Furthermore, it may 
suggest the grading of the tumor and is very helpful in the postoperative diagnosis 
of complications and later follow-up course. 

 Surgery still is the main treatment with the aim to completely remove the tumor; 
also in cases of recurrence, other additional options include radiotherapy and radio-
surgery for incompletely removed or recurrent meningiomas. Postoperative chemo-
therapy has not been shown to provide substantial benefi t to the patient especially in 
highly malignant meningiomas. 

 All therapy options should be intended to provide the patient with the best pos-
sible functional outcome. Patients’ perspective is not always equivalent to surgeons’ 
perspectives. Neuropsychological evaluation and additional guidance of patients 
harboring meningiomas have proven to be important in modern neurosurgical intra-
cranial tumor treatment. Their help beyond neurosurgical care facilitates the patients 
to lead an independent postoperative life.  

  Keywords     Intracranial meningioma   •   Surgery   •   Magnetic resonance imaging   • 
  Neuropsychology  

        Introduction 

 Intracranial meningiomas have been a challenge to neurosurgeons, both from a 
technical and an emotional point of view. Their usually benign histology and the 
inherent long-term course make, according to data from the USA [ 33 ], meningioma 
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the most prevalent intracranial tumor (50.4 per 100,000 inhabitants), although 
meningiomas are discovered at an incidence rate of 3.7–4.5 per 100,000 inhabitants 
per year ([ 33 ] CBTRUS 2005). This rate needs to be compared to that of neuroepi-
thelial tumors – an incidence rate of 6.5/year per 100,000 inhabitants and an esti-
mated prevalence rate of 28.5 per 100,000 [ 33 ]. An autopsy study [ 107 ] reported an 
incidence of 2.3 % cases of asymptomatic meningiomas in 10,033 autopsies per-
formed between 1950 and 1982, and 8.2 % of the autopsied meningioma subjects 
harbored multiple meningiomas, all without stigmata of neurofi bromatosis. The 
female to male ratio was 3 to 1. 

 Excellent multi-authored textbooks have been published in recent years on all 
problems encountered when treating meningiomas [ 4 ,  83 ,  116 ]. This article how-
ever is intended to summarize, on the basis of personal experiences accumulated 
over more than 30 years, some of the recent surgically relevant advances in diagnos-
ing and treating these tumors, with particular reference to advances over the last 20 
years. Both a review of the literature and personal experience form the basis of this 
report. The challenge has remained basically unchanged since Cushing’s times 
although techniques have much improved but also patients’ expectations and soci-
ety’s demands have increased ever since.  

    Patient Population 

 The mean age of the population in western countries and subsequently also that of 
our patients have steadily increased over the recent years. In the book of P. Bailey 
on intracranial meningiomas translated into German and published in 1951, the 
peak of age distribution for intracranial meningiomas was 45 years and the series 
stopped at age 65. In contrast, the author has reviewed the surgical series starting in 
1968 in the Dept. of Neurosurgery at Essen University, continued since 1991 at Kiel 
University and followed until now: this series of more than 1500 patients shows that 
initially the patients over age 70 accounted for 2 % of the patients operated upon for 
intracranial meningiomas in the period 1968 until 1973, and this percentage steadily 
increased over time, reaching a plateau of approx. 25 % in recent years (Fig.  1 ). The 
gender distribution has remained constant with a 3.3 to 1 preponderance of female 
to male patients in our population, similar to other reports.

       Initial Clinical Presentation 

 The clinical symptoms which led to the diagnosis have not really changed over the 
last decades. It had been hoped that the introduction and ready availability of mod-
ern imaging techniques would have led to earlier diagnosis of meningiomas, thereby 
reducing the size of the average tumor. 
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 In our clinical experience, this has not been the case for all presenting symp-
toms, but this may vary from region to region. Seizures usually rapidly lead to 
diagnostic steps, but often symptoms develop only gradually. More important than 
modern imaging techniques would still be that relatives, doctors, and the patients 
alike take notice of subtle clinical alterations. This awareness can and needs to be 
trained to some degree. Already slight changes e.g. of personality occurring in a 
relative resp. a patient who may additionally complain, e.g., of “some kind of 
visual disturbances” or headaches should be considered as early symptoms. It 
seems obvious that the earlier the diagnosis can be ascertained, the better surgical 
outcome should be. This may be true and helpful for tumors both in adults and in 
children [ 39 ]. 

 To take retro-orbital tumors as example from our clinical experience, the interval 
between fi rst visual problems and diagnosis ranged, for these tumors in the Essen 
area reviewed from 1977 until 1989, from a few days to 85 months (mean 24.8 + 22.9 
months), while in Kiel region it was, for the time span from 1984 until 1992, still up 
to 240 months (mean 48.6 + 77.9 months). This may have been related to educating 
the public and the doctors alike. 

 The latter data correspond well to even recently reported ranges of preoperative 
symptoms from 10 days to 35 years in Chinese population [ 170 ] for suprasellar 
meningioma involving the optic pathways. 

 There are other meningiomas however, which, upon fi rst clinical presenta-
tion, have to be considered untreatable with a reasonable survival period, and yet 
one is usually inclined “to do something for the patient” (Fig.  2a, b ) although 
one feels that life span for this particular patient is not long despite all possible 
therapies [ 2 ,  120 ].

   On the other hand, liberal and frequent cranial imaging for other symptoms 
including nonspecifi c symptoms and in the event of suspected brain injury has led 
to a higher number of asymptomatic meningiomas being discovered, which require 
a treatment algorithm different from that of symptomatic meningiomas.  
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  Fig. 1    Aging meningioma population Essen 1968–1989 and Kiel 1991–2010: steady rise of 
 percentage of older patients, particularly over 70 years up to 25 % of the surgical population       
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  Fig. 2    ( a ) Patient who comes too late to be reasonably treatable. Rapidly growing and protruding malig-
nant meningioma – Why does a patient come so late for treatment? Surgical total removal was followed 
by radiotherapy; nevertheless the patient showed multifocal intracranial recurrence 5 months after fi rst 
surgery and died shortly thereafter. ( b ) Patient who comes some weeks after initial symptoms has been 
noticed but is impossible to cure – highly malignant destructive meningioma extending over more than 
half of the scalp, later with cervical spine and pulmonary metastases from which he/she eventually died         

a 
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    Histology and Molecular Biology 

 Modern histological evaluation of meningiomas is summarized in the WHO clas-
sifi cations of 1993 by Kleihus et al. and most recently in 2007 by Louis et al. [ 89 , 
 90 ] which describe 19 classes of meningiomas, attributing 15 of them to grades I–
III, leaving 4 variants of undefi ned grading and differentiating the hemangiopericy-
toma as a separate entity. Compared to 1993, the new classifi cation includes more 
grade II meningiomas, taking into account the clinical picture as well. In addition to 
the grading, histological features rapidly available and important to the clinician are 
the mitotic index; also well-defi ned cell proliferation markers, e.g., Ki67 and MIB-
1; and the growth pattern. It should be noted that the neurosurgeon can help the 
neuropathologist to establish the full diagnosis by providing fresh samples of tumor 
tissue in addition to conventionally preserved tissue blocks. The surgeon should 
also pay particular attention to the tumor–brain tissue interface possibly including 
some surrounding tissue in the histological specimen. 

 Molecular biology variants in meningiomas have been recognized in menin-
giomas in the late 1980s [ 41 ,  95 ,  160 ] as in other tumors, and their specific 
diagnosis will certainly play a role in the future. Molecular genetics have shown 
that alterations of chromosome 22 (monosomy 22) and the NF-2 tumor suppres-
sor gene are important for the meningioma [ 32 ]. The importance of TGF-alpha 
in the career of meningioma recurrence was well shown by [ 87 ] in that a lower 
score matched with better survival for the patients. The distribution of steroid 
hormone and growth factor receptors in human meningioma tissue specimen 
and in tissue culture was reviewed by Black et al. [ 16 ] in order to clarify their 
possible implications in therapy. Scarpelli et al. [ 140 ] pointed to the importance 
of TP53 gene mutation as marker for malignant transformation of a benign 
meningioma. 

 Molecular biology also may help to explain why multiple meningiomas may 
occur without anatomical bridges: Stangl et al. [ 165 ] pointed to the clonality of 
multiple meningiomas. Reviews summarizing details of the WHO classifi cation 
including molecular biology are given by Lamszus [ 82 ], Lusis and Gutmann 
[ 91 ], as well as Ragel and Jensen [ 122 ] and Campbell et al. [ 24 ]. Further research 
aims to better classify meningiomas by adding molecular genetics to histology 
of meningiomas [ 94 ] with the intention to provide targeted therapeutic 
strategies. 

 Furthermore, other groups have applied molecular biology studies to better 
understand mobility of meningioma cells [ 118 ], cell survival, and angiogenesis 
in meningioma [ 81 ]. This group has furthermore studied NDRG4 and its role in 
tumor invasion, as has done our group [ 86 ] for the transmembrane chemokines 
CXL16 and CX3CL1. So far, however, these data are only based on ex vivo 
tumor tissue examination. Preoperative and not yet available in vivo tumor exam-
ination may in the future become helpful in preoperatively tailoring surgical 
details.  
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    Radiological Evaluation 

    CT 

 In most instances, computed tomography scanning (CT) without contrast enhance-
ment is nowadays reserved for emergency imaging after seizures, acute neurologi-
cal defi cits, and disturbance of consciousness to differentiate, in a fi rst step, the 
underlying intracranial pathology. Furthermore, high-resolution CT may be used in 
selected patients to better defi ne the bony structures in the vicinity of a meningioma, 
often pointing to its origin. In some cases angio-CT may be helpful to clarify the 
patency or compression/occlusion of the sinus system and the larger draining veins, 
although this information can also be obtained using MRI scanning.  

    MRI 

 Magnetic resonance imaging (MRI), usually in a 1.5 T machine, is the method of 
choice to diagnose intracranial pathology such as meningiomas. The full spectrum 
of sequences may become necessary although usually the standard sequences are 
suffi cient to obtain surgically relevant informations. 

 T1 imaging without and with gadolinium contrast enhancement defi nes the 
tumor with regard to its size, anatomical relationships, particularly its origin and 
compression or displacement effects toward adjacent brain tissue and cerebral vas-
culature, while the extent of edema is best seen in T2 or FLAIR imaging. The border 
zone between a meningioma and the brain is highly relevant to surgical strategy and 
ease of tumor removal as is the border between the tumor and intracranial vessels. 
From a surgeon’s perspective, as will be discussed later, most important is the arach-
noid plane if present in normal anatomy and next the pial plane. Taoka et al. [ 168 ] 
have investigated the role of brain surface motion imaging by obtaining a subtrac-
tion image of pulse-gated heavily T2-weighted images on different phases of the 
cardiac cycle. They found a 76.5 % agreement between preoperative MRI predic-
tion concerning brain-meningioma interface from a single acquisition mode and 
surgical fi ndings. The anatomical correlation between meningioma, particularly its 
border zone, and the arteries is of importance, both in meningiomas in diffi cult loca-
tion such as the petroclival [ 133 ,  135 – 137 ,  146 ,  147 ] in any (larger) meningioma. 
Kashimura et al. [ 71 ] have combined magnetic resonance angiography and mag-
netic resonance imaging. By fusing the 3D time of fl ight (TOF) dataset and the 3D 
spoiled gradient-recalled (SPGR) dataset in a newly developed volume registration 
and visualization software, they improved on clarifying the 3D relationship between 
the meningioma and the surrounding vasculature. While details of the tumor–brain 
tissue border can be predicted to some extent by the degree of edema [ 132 ] based on 
CT [ 67 ] and MRI [ 167 ], the functional–anatomical correlation between meningio-
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mas and arteries/veins is more diffi cult if not impossible to  predict even in MRI. T1 
imaging as well as MR angiography may help to defi ne a compression/narrowing of 
the vessel diameter by the meningioma, but the defi nition of a virtual space between 
the meningioma surface and the outer vessel wall may be surgically more relevant. 
This is true for vessels of all diameters; however, this has not been evaluated sys-
tematically so far. Figure  3a, b  may serve as an example. Angiography may help 
concerning the brain-tumor interface as has been shown by Sindou and coworkers 
[ 3 ,  154 ,  156 ].

   The consistency of a meningioma infl uences surgical maneuverability and risks 
of tumor removal as well. Early studies by Yamaguchi et al. [ 175 ] showed useful-
ness of T2 imaging to predict consistency, hyperintensity being correlated to a soft 

a

Brain–Meningioma Interface

Meningioma – Artery Contact

N. III
ICA

N. II

Lenticulostriate Arteries

b

  Fig. 3    ( a ) Surgeon’s questions to MRI: Tumor interfaces with brain, nerves, and vessels. 
Neuroradiology can only partially help. ( b ) Surgeons’ view: The tumor is easily peeled off the 
internal caroid artery (ICA) and nerves I–II but not from perforators       
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tumor, while Yoneoka et al. [ 177 ] showed that T2R images with shorter T2 value are 
helpful to correlate with collagen-rich fi brous tissue. Kashimura et al. [ 71 ], in a 
small series of meningiomas, showed that fractional anisotropy from preoperative 
diffusion tensor (DT) MR could predict meningioma consistency as well. Recent 
studies by Hoover et al. [ 63 ] and Sitthinamsuwan et al. [ 158 ] have shown that most 
(predictability in the range of 90 %) meningiomas presenting as hyperintense on T2 
and T1 hypointense in FLAIR were softer and therefore easier to remove than those 
with hypointense imaging. 

 Another study that was concerned with the stiffness of the meningioma and the 
surrounding brain tissue as it infl uences surgical maneuverability was recently pub-
lished by Murphy et al. [ 104 ]. They have evaluated the value of 3D magnetic reso-
nance elastography (MRE) using a single-shot spin-echo planar pulse sequence on 
a 3 T machine. They correlated the results obtained by this technique in a group of 
12 patients with meningiomas to the surgical fi ndings and found an even better cor-
relation to the surgical impression of the tumor being harder or softer than with 
T1- and T2-weighted imaging. 

 While most meningiomas are benign, well-circumscribed tumors, some are not. 
The character of a meningioma is conventionally evaluated using the aspects of 
meningioma shape and homogeneity on T1 and T2 images, including calcifi ed 
spots, contrast homogeneity, confi guration of the border to the brain – smooth or 
irregular – and abnormally draining veins surrounding the meningioma. The preop-
erative evaluation regarding tumor growth over some time may help to decide for or 
against surgery particularly in the situation of an old or high-risk patient. 

 MR spectroscopy (MRS) is now widely used in intrinsic brain tumors and has 
been examined by some groups in meningiomas as well. Our group has examined 
the possibilities and limitations of MRS in a 1.5T and a 3T machine in 2 series of 
meningiomas [ 22 ,  97 ]. After some initial enthusiasm, we came to the conclusion 
that the information obtained by MR spectroscopy does not warrant its routine clini-
cal use. The time requirement for 2 spectra is in the range of 15 min which is added 
to regular scanning time. Too many details need to be taken into consideration to 
place the region of interest: it should not be too close to the bone, to the vasculature, 
and to the edema zone to give reliable results. Furthermore, details of scanning need 
to be considered as well: a short echo time should be used not to underestimate the 
lipids and low-weight proteins which serve as indicator of tumor grading; 3T MRS 
is preferred to 1.5T. The Tokyo group, examining 100 consecutive patients harbor-
ing intracranial meningiomas, concluded that 1H-MRI spectroscopy helps to iden-
tify meningiomas with high proliferative activity but did not add more information 
in malignant meningiomas [ 28 ]. Furthermore, it does not help to identify the poten-
tial future tumor growth, but it may help to grade a meningioma as found also by 
these authors. The dural reaction (“tail”) which might be good to know prior to 
surgery to plan the extension of craniotomy cannot be distinguished by spectros-
copy, and only to some extent, the effect of the meningiomas upon the arachnoid 
border can be evaluated. Also, Kimura et al. [ 74 ] have discussed that glutamate may 
serve as an indicator of functional integrity of glial matrix adjacent to the 
meningioma. 
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 Functional (f)MRI studies are not as important in meningioma surgery as in 
 glioma surgery. In selected patients these studies can be performed with the inten-
tion to better defi ne the access, e.g., to a parasagittal or falcine meningioma, sparing 
exposure of the motor cortex; on the other hand, the access strategy is usually more 
defi ned by structural features such as the relationship between tumor location, par-
ticularly meningioma origin, vein displacement, etc., than correlation to motor cor-
tex. Only in deep-seated, e.g., ventricular meningioma [ 21 ], fMRI studies including 
fi ber tracking may help to identify the best way to the tumor – the shortest way is 
usually considered to be the best in order to keep the access-related neuropsycho-
logical defi cit as minimal as possible. 

 Main differential diagnosis of meningiomas in the intracranial cavity is metasta-
sis; meningiomas have long been thought to be distinguished by the dural tail sign 
but this is no reliable indicator [ 66 ,  163 ]. Fibroma or fi brosarcoma may be included 
in the supratentorial differential diagnosis. In the posterior fossa, a neurinoma needs 
also to be included and can mostly be ruled out by the clinical symptoms and the 
shape of the tumor, not so well by its effect on the bony structures. Furthermore, 
high-grade glioma, lymphoma, osteoma, and others may be included in the differ-
ential diagnosis. Usually, however, the diagnosis of a meningioma is rather straight-
forward, and from a surgical point of view, the location and extent of a 
space-occupying lesion are more important for the patient than to rule out all other 
possibilities.  

    Scintigraphy 

 When MRI was not yet as fully developed as of today, many studies have been 
performed using scintigraphy as imaging modality. Also our group [ 17 ,  18 ,  76 ] has 
evaluated the use of somatostatin receptor scintigraphy (SRS) in view of receptor 
status and to detect recurrence, differentiating it from scar, e.g., dural graft materi-
als. A limitation of this receptor scintigraphy was also described in patients har-
boring SRS-negative meningiomas which obviously are not detected using this 
method [ 96 ].  

    Subtraction Angiography Versus MRI Angiography 

 Conventional subtraction angiography does not play anymore the important role as 
previously reported. Angiography helps to defi ne the blood supply to the meningi-
oma, its degree of vascularization, and its effect on the surrounding vasculature of 
the brain incl. the sinus system. As is well known and will be discussed later, the 
“cleavage” between meningioma and the surrounding brain tissue plays an impor-
tant role for the surgical ease. Sindou’s group [ 3 ,  154 ,  156 ] has identifi ed the pial 
supply of the tumor as separate predictor for prognosis with regard to postoperative 
hemorrhage, due to the possibility of extra- or subpial dissection. 
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 Nowadays, MRI angiography [ 84 ,  124 ,  125 ] is able to defi ne vascular supply to 
the meningioma as well as the veins involved in the meningioma and the surrounding 
brain. Sometimes details concerning vascular supply of a meningioma can be obtained 
better through selective arterial spin labeling techniques ([ 172 ,  173 ] and unpublished 
personal data from our group). These may be particularly helpful in some instances to 
decide for or against preoperative embolization and to direct the surgeon to various 
compartments of meningiomas with different vascularization sources. 

 Preoperative embolization has been introduced to reduce blood loss and is still 
strongly advocated in many centers [ 40 ], particularly in highly vascularized tumor or 
when the tumor supply through the nidus can be reached surgically only late during 
tumor removal, e.g., in petroclival meningiomas. Many techniques and materials have 
been suggested [ 60 ,  169 ], incl. intratumoral puncture and injection of Onyx ® [ 42 ]. 
The time interval between embolization and surgical tumor removal also has been 
considered to play an important role: the timing of surgery being infl uenced by the 
development of necrosis in the tumor as visualized by MRI [ 13 ]. It may only be an 
effective help to the surgeon when the tumor is completely embolized [ 12 ]. However, 
even using modern embolizing materials such as Onyx® and intratumoral injection, 
embolization rates of only up to 87 % have been recently reported [ 42 ]; otherwise the 
benefi t for the surgeon is not convincing and can be outweighed by the risks, particu-
larly in areas such as the posterior fossa where the vascular supply of cranial nerves is 
often the same as that of the meningioma. Also, rapid hemorrhage following emboli-
zation has been reported as severe risk [ 178 ]. On the other hand, embolization as sole 
therapy for intracranial meningioma with subsequent MRI controls has been pub-
lished as well [ 11 ]. We have seen only extremely rarely an indication for preoperative 
embolization for the following reasons: in convexity meningiomas, the surgeon has 
rapid access to the vascular supply; in basal meningiomas, embolization is rarely 
effective for the abovementioned reason; and costs of the procedure need to be 
weighted against costs of blood transfusion and should not be underestimated. 

 Nevertheless it may still be considered necessary to perform angiography with 
regard to sinus confi guration and functional obliteration, particularly in the regions of 
the superior sagittal sinus and the transverse sinus. Also, collateral venous outfl ow 
circulation around an occluded area of sinus can be shown in more detail using sub-
traction angiography, particularly its functional importance when including the time 
course of fi lling of collateral circulation (which can to some degree also be shown by 
4D CT angiography). On the other hand, sometimes it is, from a surgical perspective, 
better to be able to include the imaging data of an occluded sinus into neuronavigation, 
which is possible using CT angio, and reduce the imaging quality than to have optimal 
imaging by angiography, which usually must be interpreted as stand-alone images.   

    Functional Diagnostics 

 Neurological and neuro-ophthalmological examination of the patients is extended 
by neuropsychological evaluation and support. This helps to identify subtle altera-
tions of patients’ brain functions preoperatively, to overcome anxiety, and to suggest 
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further treatment options postoperatively to integrate the patient rapidly into his 
normal environment back to an active, possibly fully functional position [ 55 ]. As 
will be discussed later in the chapter, an excellent postoperative MRI exam does not 
necessarily relate to an excellent clinical outcome with “100 % functionality in 
daily life.”  

    Surgical Thoughts 

    Indication for/Against Surgery 

 Indications for meningioma surgery depend on a combination of various factors. 
While surgical indication for symptomatic meningioma surgery seems appropriate 
in most instances, this is more complicated in asymptomatic meningioma patients. 
Liberal use of imaging in patients for other problems – e.g., after minor trauma or 
with headaches of unknown origin – has brought forward an increasing number of 
patients with asymptomatic meningiomas. This is understandable since the inci-
dence of meningiomas in autopsy series has been reported in the range of 2 % with 
multiple meningiomas in 8.2 % [ 107 ] and is higher in older patients. 

 Many factors need to be included into the discussion with the patient and his/her 
family: patient’s clinical presentation, prospective length of survival – his/her bio-
logical age – more than chronological age, and, more importantly, tumor size, con-
comitant edema and its effect on cerebral structures, presumed histological grading 
and surgical risks based on size and location, as well as patient’s expectations of 
surgical results. These factors need to be discussed weighing for a wait-and-see 
attitude, for surgery or other treatment options. Therefore it is important to know the 
natural history of meningioma, the risks of surgery, and the prognosis of the key 
clinical symptoms after surgery.  

    Natural History of Meningioma 

 Few data are available concerning the spontaneous course of patients harboring a 
symptomatic meningioma. In our own series, we have followed, in 1989, 16 
patients who had become symptomatic with a meningioma but were refused to 
undergo surgery, mainly for anesthesiological reasons. More than 1/3 of these 
patients died within 90 days after diagnosis [ 98 ,  99 ]. Additional 3 patients died 
within follow-up times up to 90 months. Seven survivors could be followed for up 
to 240 months (average 72 months). Similar experiences have been published by 
other authors, as well: 

 Firsching et al. [ 46 ] had followed incidental meningiomas in 17 patients and 
found an annual growth rate between 1 and 21 %, and Nakamura et al. [ 106 ] 
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detected annual growth rates in the same but wider range (0.48–72.8 %). Lower 
growth rates were found in calcifi ed meningiomas. Abeloos and Lefranc [ 1 ] 
reviewed the literature and calculated that approx. 60 % of incidental meningiomas 
would not grow. More specifi cally, Rubin et al. [ 129 ] studied 56 patients with 63 
meningiomas mostly discovered incidentally and followed over 65 ± 34 months; 
they found an annual growth rate of 4 mm per year. This is consistent with other 
reports in the literature which give annual growth rates in the range of 1–21 % and 
2.4 mm up to 4.4 mm per year. Niiro et al. [ 110 ] reported on 40 patients over 70 
years of age who were followed for a mean follow-up of 41.8 months during which 
time 5 became symptomatic. 

 Meningiomas in patients who do not undergo surgery for a variety of reasons 
may present, according to Chamoun et al. [ 27 ], with three different growth patterns: 
The tumor may remain unchanged, grow in a linear fashion, or grow exponentially. 
The problem is that the initial presentation (Fig.  4 ) does not predict the future 
growth pattern, hence the idea to look for parameters indicating the presumed fur-
ther course as has been discussed above. The question is how often and in which 
intervals a patient should be controlled by MRI scan; in our practice we found 
annual controls usually suffi cient and refrain from further controls when the menin-
gioma remains unchanged over 3 years and no clinical signs develop. This policy is 
particularly maintained if the meningioma is asymptomatic or if the patient is reluc-
tant to undergo surgery.

   It has been agreed upon that asymptomatic meningiomas presenting without 
functional contact to the brain (“innocent or incidental meningioma”) may be con-
sidered for a wait-and-see strategy [ 46 ]; Nakamura et al. [ 106 ], while others which 
present with edema reaction of the surrounding brain should be suggested for surgi-
cal removal on the assumption that the tumor–brain barrier would be disrupted 
[ 132 ] and further tumor progress and compression against the brain would only lead 
to further damage of the surrounding structures. 

 The risks of the natural course of the disease – a possibly growing space- 
occupying tumor – need to be weighed against the surgical risks in order to give a 
sound patient-oriented clinical advice. Once the diagnosis of a meningioma is 
ascertained, e.g., strongly suspected on the basis of imaging, the patient should 
obtain good neurosurgical consultation in order to evaluate the best possibilities for 
his/her future course. This needs to be done by the surgeon alone or possibly by an 
interdisciplinary tumor board in which the surgeon plays the dominant role.  

    Radicality of Surgery 

 Radical meningioma removal at the fi rst surgery as has been performed success-
fully for the fi rst time by Prof. Pecchioli in 1835 (cited from Giuffre [ 51 ]) with 
aggressive search for meningioma remnants offers the best chances for a recur-
rence free survival. This has been shown statistically for the fi rst time by Simpson 
[ 153 ] and has been experienced by many neurosurgeons [ 30 ] to the point that it 
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has been suggested to perform a grade 0 resection [ 75 ], meaning a more than 2 cm 
margin of dura to be removed around the meningioma. This concept is supported 
by Kamitani et al. [ 70 ] who found microscopic evidence of meningioma cells in 
the thick arachnoid membranes surrounding meningioma sites. However the risk 
of surgical damage may outweigh the benefi t of radical resection which may be 
seen only later in life as “prevented recurrence.” A long debate weighs both 

a

b

  Fig. 4    Spontaneous course of a meningioma in 5-year interval – fi rst, headaches and then visual 
problems due to close connection to optic nerve. ( a ) 2001: Only one axial MRI slice in which the 
meningioma is seen; ( b ) 2006: 3 axial slices depicting the grown meningioma       
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advantages and disadvantages of radical surgery, and the decision needs to be 
individualized in every single case preoperatively and during surgery, leading to a 
less radical attitude in recent years again. Simpson grade I removal has been 
reported in larger series only in 27 % of posterior petrous bone meningiomas [ 8 ], 
36 % of tentorial meningiomas [ 9 ], while grade I and II resections were achieved 
in 57 % on parasellar meningiomas [ 134 ,  138 ] and in 90 % in tuberculum sellae 
meningiomas [ 7 ]. Radical surgery had been advocated in the 1980s of the last 
century even in such areas as the cavernous sinus and the petroclival region [ 56 , 
 72 ] where the meningioma is mostly growing invasively around and encasing the 
cranial nerves and the carotid and basilar artery. Modifi cations of this aggressive 
approach have been suggested by several authors [ 117 ,  151 ]. In our series, we 
have usually taken an intermediate approach being careful to preserve the cranial 
nerves as much as possible and to determine carefully which part of the meningi-
oma is the larger specifi cally the clinically more relevant one – the intracavernous 
or the intradural one. The relatively low ratio of complete meningioma removal in 
the literature points to the necessity to discuss adjuvant therapies which will be 
described later and to follow the patient subsequently in certain intervals to check 
for recurrence. 

 In our Kiel series from 1991 until 2002 [ 166 ], we have seen that after initial sur-
gery in 463 patients in 16 % the meningioma recurred, the fi rst recurrence would 
occur at an average of 65 months postsurgery but the second recurrence would 
already occur 34 months after second surgery.  

    Surgical Techniques and Complications 

 Many data concerning technical details have been compiled and published over the 
years, as treatment skills have steadily developed. As has been shown in our con-
secutive series from Essen and Kiel including more than 1500 patients as well as in 
many other larger series covering a longer time span, mortality has dramatically 
declined over the last 45 years (Fig.  5a ).

   It needs to be noted, however, that mortality is still higher in older patients than 
in younger ones (Fig  5b ). 

 This risk reduction can be attributed to a number of possible factors: the 
tumors may be diagnosed earlier, so they may tend to have damaged the brain to 
a lesser degree; their preoperative imaging – starting with computed tomogra-
phy (CT) scanning in 1972 and evolving to MRI imaging in recent years – has 
given more details concerning the anatomical relationship to various structures 
as discussed earlier. This enabled microsurgical techniques as introduced into 
the broad neurosurgical community in the early 1970s of the last century to be 
used wisely and routinely and be taught to all residents and staff members. This 
went parallel with the development of knowledge of microsurgical anatomy, 
important basically anywhere in neurosurgery but particularly important on the 
skull base [ 176 ]. 
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  Fig. 5    ( a ) Development of mortality. Introduction of new techniques into neurosurgery and 
improvement of surgical skills led to improved outcome.  CT  computed tomography,  MS  routine 
microsurgery,  MRI  widespread introduction of MRI as primary diagnostic step;  NN  neuronaviga-
tion. ( b ) Age dependency of mortality: Age is still an important factor for perioperative mortality 
despite improved preoperative evaluation of patients, surgery, and anesthesiological and postop-
erative management       
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 Craniotomy – patient positioning, size, and placement of craniotomy. Patient 
positioning for intracranial surgery has been discussed since many years, and many 
very elaborate positions have been suggested [ 14 ,  112 ,  127 ,  150 ,  164 ]. The main 
goal is always to allow for easy access to the tumor, and supine and prone, sitting, 
and mixed positions have been suggested. Besides allowing for easy access to the 
tumor, also the surgeons’ ease and comfort should be considered, particularly when 
long hours of tedious dissection are expected. Therefore, in our routine, most 
patients are positioned in the supine position, sometimes in the parkbench and prone 
positions; rarely only the sitting position is used, e.g., in meningiomas located deep 
near the midline and approached through a posterior parafalcine approach, since the 
latter requires the surgeon to work hands and arms upward. 

 Craniotomy is planned very precisely taking the expected anatomy, e.g., draining 
veins into consideration and using neuronavigation or other computer planning 
tools. Positioning of the head with help of a 3-pin headholder is oriented so that the 
surgical target area is above the cardiac valve level in order to allow venous outfl ow. 
The head should be turned in such a direction that the approach to the meningioma 
is as perpendicular as possible to make brain retraction unnecessary and subsequent 
damage of overlapping brain tissue unlikely; in posterior fossa meningioma surgery, 
the head should be positioned so that the cerebellum falls away, meaning a not per-
pendicular approach; when turning the head, one should still keep in mind that the 
venous outfl ow must not be hampered. For this purpose sometimes it may be better 
to turn the entire table with the patient well attached to it instead of turning the head 
into an awkward position.  

    Neuronavigation and Skull Base Approaches 

 Neuronavigation as brought into the neurosurgical theater was initially thought to 
better orient the surgeon during the procedure [ 48 ,  61 ,  100 ,  115 ,  161 ]. Of course, 
neuronavigation does not replace profound neuroanatomical knowledge as has only 
recently been pointed out again correctly [ 152 ]. Neuronavigation and improved 
understanding of surgical patient placement [ 150 ] lead to less damage of the sur-
rounding brain which is ideally not – even not gently – pushed away nor retracted 
[ 164 ] but falls away from the surgical fi eld. Additionally, skull base approaches 
have been, developed by many groups with the intention to gain access to the menin-
giomas while not touching the brain e.g., leaving the surgical site seemingly 
untouched if viewed from the brain but with the meningioma being completely 
removed. Often, interdisciplinary teamwork with maxillofacial surgeons and/or 
ENT colleagues may be helpful not only to share the responsibility of excellent 
surgery but also to improve and expand on technical skills incl. techniques of recon-
struction, use of new instruments, etc. [ 38 ,  45 ,  68 ,  103 ]. Brain shift does not play the 
role in meningioma surgery as it does in glioma surgery, so it should be more appro-
priate to use neuronavigation in meningioma surgery. With more and more clinical 
access to and routine use of neuronavigation, it has been established that it is very 
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helpful to identify the optimal approach to the tumor. During surgery itself, its 
 limitations have become obvious: Bone surgery can be aided and performed more 
precisely using neuronavigation as well as reconstruction of the skull base using 
implants (Fig.  6 ). But tumor removal itself can only minimally be helped by neuro-
navigation: its accuracy for defi ning the relationship between a surgical instrument 
such as knife, ultrasonic aspirator, or bipolar forceps and vital structures such as the 
carotid or other arteries or intracranial nerves is limited, and real-time combination 
of neuronavigation with the tools – neuronavigated tools – is rarely if ever per-
formed because of two reasons: inherently inaccurate due to velocity of instrument 
movements which need to be transferred to the computer and imaged on its screen 
and the necessity for the surgeon to look to the neuronavigation and check for the 
geometrical correlation between instrument and the structure in question. This has 

  Fig. 6    Neuronavigation as important support tool to remove a sphenoid wing meningioma and 
reconstruct the lateral orbital wall. Although anatomical landmarks guide the surgeon in the skull 
base, neuronavigation helps to obtain complete tumor removal and a good cosmetic reconstruction 
of the lateral orbital wall           
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Fig. 6 (continued)
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been overcome to a certain degree by modern faster computer machines and the 
integration of an area of interest into the optical pathway, the focus point of the 
microscope being equivalent to the edge of the surgical instrument or the pointer 
(Fig.  7 ). When endoscopy is used in meningioma surgery, neuronavigation is con-
sidered extremely helpful, e.g., in patients with intraventricular meningiomas, but 
its value has also been questioned for tumors in this region [ 152 ].

a b c

e

f

d

  Fig. 7    Neuronavigation in skull base meningiomas supports radical surgery in intradural space: 
combined frontotemporal and subtemporal approach to completely remove the intradural part of a 
petroclival meningioma. ( a ,  b ) Pre- and postoperative MRI scan; ( c ) 2 intraoperative view of neu-
ronavigation in the region of the optic chiasm, tumor under the chiasm; ( d ) pointer at chiasmal 
region after tumor removal; ( e ) pointer in the posterior part of tumor extension as shown in the 
right portion of fi g ( f )       
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    Taking these limitations into consideration, we have shown in the early 1990s in 
our series shortly after introduction of neuronavigation that the length of stay in the 
intensive care unit was reduced from 2.6 to 2 days (taken as surrogate measure for 
quality of surgery) for meningioma patients undergoing navigated surgery com-
pared to meningioma patients who for logistical reasons had undergone meningi-
oma surgery in the same period without the aid of neuronavigation. Similarly and 
more precisely, Paleologos et al. [ 115 ] have performed a cost-effectiveness analysis 
and found that, taking everything into account, the costs of standard meningioma 
surgery were 20 % higher compared to navigated meningioma surgery. Therefore 
we nowadays use neuronavigation routinely in our dept. for patients with convexity 
meningiomas, particularly those close to the midline structures, e.g., the sinus, to 
defi ne the skin incision, the bone fl ap, and the dural resection – circumcision – with 
a safety margin of possibly 1 cm in order to achieve Simpson grade 1 removal 
(Fig.  8 ). Skull base meningiomas are operated with the aid of neuronavigation in 
selected cases when one has to defi ne precisely the approach area and the angle of 
surgical direction or for teaching purposes and to better orient oneself about the 
degree of resection. Large meningiomas do not necessarily lend themselves more to 
neuronavigation because here also a certain degree of brain shift will diminish sur-
gical anatomical accuracy at a time when it would be desired to have more 
information.

   Furthermore, long-term outcome in meningioma patients may improve when 
neuronavigation is used by both the neurosurgeon and the radiation oncologist in an 
interdisciplinary fashion by defi ning “surgically easily resectable” areas of 
 meningiomas and thereby making them “radiotherapeutically easily treatable” on 
the basis of the same imaging platform. 

 It remains to be seen in the future whether intraoperative MRI as advocated by 
some groups [ 144 ] may help to reduce the remaining complication rate. We have 
available intraoperative high-fi eld MRI (ioMRI) in a short-bore magnet since 2005 
and used it only initially in meningioma surgery to prove the concept. In our opin-
ion, as long as its use will require some compromise in positioning the patient and 
as long as it will not be able to repeatedly study, e.g., the precise localization of 
relevant arteries within meningiomas or edema development during surgery in a 

  Fig. 8    Neuronavigation – planning and teaching the access for a left frontal meningioma and the 
result, 1 day after surgery: note the safety margin of the well-centered craniotomy       
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reasonable time frame, ioMRI will not be part of the neurosurgical armamentarium 
for removing meningiomas; a useful indication would be if one could easily foresee 
intraoperative complications using repeat ioMRI scans such as distant 
hemorrhage. 

 Preoperative dexamethasone treatment reduces the risk of postoperative brain 
swelling. The importance of improved anesthesiological techniques and ICU or 
intermediate care management should not be underestimated in the optimization 
process which has been achieved over recent years. 

 While initially mortality has been considered the primary measure for quality of 
surgery, in recent years this has become a minor issue. Nevertheless the patients 
need to be informed about an inherent lethal risk in any kind of surgical maneuver 
[ 49 ] even if not expected in the vast majority of operations anymore. 

 Nowadays, postoperative quality of life is gaining more and more importance 
and is being asked for. This points to the increasing importance of neuropsychology 
in the management of meningioma patients as will be discussed later in the 
chapter.  

    Endoscopy 

 Endoscopy has become a routine method in neurosurgery in recent years, initially in 
the ventricular system and later in tumor surgery. As it has extended the use of 
microscope-based transbasal approaches to pituitary tumors by benefi tting from 
angled views into the sellar region, it has also been used to improve the extradural 
approach to anterior skull base meningiomas originating from, e.g., the tuberculum 
sella, the olfactory groove, and even further down to the clivus [ 114 ]. 

 The advantage of not touching the brain and basal nerves and vessels at all or 
only in a very late phase of surgery has been reported to relate to similar or better 
clinical outcome, e.g., in regard to visual improvement after endoscopic removal of 
tuberculum sella [ 171 ], but needs to be weighted against the risk of postoperative 
leakage of cerebrospinal fl uid which has been reported up to 34.6 % even in recent 
years even when using refi ned multilayer closure techniques [ 79 ]. 

 Our group has not yet applied endoscopy to a larger extent in skull base surgery, 
particularly not in meningioma surgery as some groups [ 34 ,  85 ] have advocated, 
mainly for fear of CSF leakage [ 79 ].  

    Particular Craniotomies 

 While most craniotomies are performed in routine fashion, according to the sur-
geons’ preference as free fl ap or as bone fl ap with muscle still attached, some crani-
otomies may carry particular diffi culties and therefore should be studied in the 
cadaver laboratory before going into surgery: extended craniotomies including 
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orbital dissection, as well as keyhole trans- and supraorbital approaches [ 15 ,  23 ,  47 , 
 102 ,  162 ] which may be used in conjunction with or instead of the transsylvian 
approach to reach deep-seated meningiomas, the approach to petroclival meningio-
mas, or craniotomies crossing the sinus, especially when the sinus is functionally 
vital. 

 One example is demonstrated here: a female patient, age 47, with a “bump” 
which her hairdresser had seen in the top of the calvarium without any complaints. 
MRI showed a hyperostotic meningioma originating in the midline from the con-
vexity dura and the falx, compromising the superior sagittal sinus (SSS) at its mid-
dle third (Fig.  9 ). Additionally she harbored a left temporal hyperostotic meningioma 
and an en plaque sphenoid wing meningioma.

   Surgery was suggested to the patient, and she agreed. Craniotomy was planned 
as a “double craniotomy”: fi rst an inner circle of bone was drilled out using high- 
speed craniotome; this circle was based on the neuronavigation and intended to 
cover the entire hyperostotic area which needed to be discarded plus some extra 
bone. In order to be able to mobilize the bone fl ap, a second circle of bone was 
drilled at approx. 2 cm away from the fi rst craniotomy circle. This distance was used 
to mobilize the fi rst bone fl ap by subperiosteally moving the dura away from the 
bone without damage to the underlying brain parenchyma and to the draining veins 
entering the superior sagittal sinus (SSS). Applying this technique, the rostral and 
the posterior margins of the tumor in the midline and the open lumen of the SSS 
could be identifi ed and the tumor was removed totally after the dura had been cir-
cumferentially excised. Finishing complete tumor removal with particular attention 
to save the relevant draining veins, the convexity dura was replaced with fascia lata. 
Depending on the overall situation, the outer ring of bone was also discarded and a 

47 y/o school teacher
asymptomatic

minor protrusion

1.op 1993, Hydroxurea since 1998, fully working until retirement in 2008

  Fig. 9    Multiple meningiomas – fi rst the falcine meningioma is removed as described in the text. 
No local recurrence       
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methyl methacrylate plastic was adapted to the convexity with excellent cosmetic 
results. The patient made an uneventful recovery and underwent further surgery for 
the left temporal meningioma at a later stage as well. Her en plaque sphenoid wing 
meningioma was treated using hydroxyurea in 1998 and has been stable ever since, 
and she continued life fully working as teacher until retirement 15 years after fi rst 
surgery and further on, functioning normally. Radiotherapy was thought inappropri-
ate due to her young age at initial presentation and the multiple meningiomas. In 
posterior fossa approach to petrous bone meningiomas, the open transverse sinus 
needs not always to be occluded but the bone can safely be drilled away with a high- 
speed craniotome. Combined approaches both to the posterior and middle fossa 
have been suggested in order to completely remove appropriate tumors [ 80 ]. 
However, already Zentner et al. [ 180 ] had questioned the necessity of radical 
removal of petroclival meningiomas. An exemplary patient who underwent staged 
resection of his/her petroclival meningioma in 1992 using the retromastoid and 
frontotemporal approaches is presented in Fig.  10 . He/she remained well and with-
out recurrence over 15 years until his/her death from cardiac reasons.

       Surgical Strategy 

 The major goal of surgical strategy should always be to initially gain rapid control 
over the tumor. To achieve this goal the surgeon has several options: one may 
approach the tumor either extradurally by drilling away parts of bone, e.g., the 

1991postop

No change over 15 years

Postop 2

1991 preop

  Fig. 10    Petroclival meningioma in a 66 y/o m – staged resection – fi rst the infratentorial part is 
removed and next the supratentorial rest without opening the cavernous sinus, good clinical course 
over 15 years       
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sphenoid wing in case of sphenoid wing meningiomas, or one should, following 
craniotomy for convexity meningioma, cut the dura circumferentially. By doing so 
the arterial blood supply to the tumor is reduced leaving only the feeders coming 
from the surrounding brain tissue. Reducing blood supply in the same time reduces 
tumor volume and allows for better handling of the meningioma. Particularly in 
tuberculum sellae meningiomas, its hyperostotic bony origin needs to be dealt with 
at fi rst, and drilling the bony canals of the feeding arteries with a diamond drill 
without irrigation allows for a much easier way of removing the devascularized 
tumor than fi rst decompressing the still vascularized meningioma and at a later 
stage arriving at its origin (Fig.  11 ). However, one has to be careful in these instances 
and check on the preoperative MRI scans for the course of intratumoral arteries 
coming from the anterior cerebral artery complex which may take part in the tumor 
vascularization. This technique can also be applied in posterior fossa – petroclival 
tumors. In this location, it is obvious that one has to consider carefully the preopera-
tive MRI and CT images to defi ne the exact location of the tumor origin which 
needs to be taken care of at fi rst, if possible (Fig.  12 ).

    The surgeon has to be aware of the obstacles which he/she will encounter on his/
her way to the tumor origin, i.e., cranial nerves and major vessels, which he/she 
needs to work around diligently. The possibility of attacking primarily the tumor 
origin is somewhat limited in case of increased local or general intracranial pres-
sure. If one foresees this situation due to the extent of space occupation/require-
ment, it may be wise to preoperatively administer antiedematous medication, e.g., 

  Fig. 11    Progressive tuberculum sellae meningioma + right temporal meningioma removed in sin-
gle frontotemporal approach. Patient fi nally decided to undergo surgery when visual problems 
became more evident – and they disappeared after surgery ( a ) preop MRI, ( b ) postop MRI the day 
after surgery, improved visual function       
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mannitol, in addition to dexamethasone phosphate. If deemed useful, one may also 
use a lumbar drainage in order to relieve intracranial local pressure by voiding the 
cisterns, which we have used only exceptionally for fear of downward herniation. 

 When attacking the meningioma, it is important to visualize what one has seen 
on preoperative MRI scans with regard to the border between the meningioma and 
the brain. The presence or absence of an arachnoid plane makes surgery easy or 
extremely diffi cult, particularly in the posterior fossa. The situation which one sees 
at the beginning of surgery may change as surgery progresses but is basically defi ned 
by the natural behavior of the meningiomas as expressed by its receptor status. A 
meningioma which respects the arachnoid layer in the supratentorial cavities resp. 
the arachnoid membranes in the posterior fossa will also most probably respect the 
integrity, e.g., of cranial nerves or the vessels. 

 Therefore, with steady bipolar coagulation of the dura in the area surrounding 
the tumor origin, one can devascularize the tumor to some extent while approaching 
the primary tumor navel, e.g., at the medial part of the sphenoid wing or at the 
petrous bone anterior to the inner auditory meatus. In these locations, it may be dif-
fi cult to achieve immediate bleeding control over the meningeal arteries. Often it is 
necessary to use high-speed diamond drilling to close the sometimes rather active 
feeding arteries perforating through the bone to the dura. Once the meningioma has 
been devascularized to a major extent, it shrinks and can be removed in a piecemeal 
fashion with larger pieces to be given for histology and molecular biology examina-
tions; once enough tissue has been preserved for examination, the rest can be 
removed using ultrasound aspirator (CUSA ® or SONOCA®). These instruments 
have been refi ned over the last 20 years to a perfection with various tips and strength 
levels allowing elegantly removing the tumor – fi rst reducing the stroma and leaving 

  Fig. 12    Petrous meningioma extending anterior to the inner auditory canal but respecting the 
arachnoid planes. Postop no defi cit       
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the fi brous tissue next to be completely resected with scissors and/or bipolar coagu-
lation and also being able to remove bone itself. 

 When one removes a larger meningioma in the posterior fossa, one will also 
come close to or meet the basilar artery and its branches which need to be dealt with 
great care, similarly to the cranial nerves. Here again the same principle applies: 
when the meningioma has respected the arachnoid plane, it will most probably also 
respect the adventitial tissue of the arteries. But, pulling on the meningioma tissue 
will also risk to put strain on the arachnoid tissue which will then affect/stretch the 
smaller arteries and nerves, particularly the sixth nerve which is well enveloped in 
its arachnoid plane and takes a long curved course before entering Dorello’s canal. 
Therefore the risk of some degree of usually transient palsy is quite high particu-
larly for the sixth nerve.  

    The Arteries/Veins 

 The arterial supply and the venous drainage nearly always get into contact with the 
meningioma. One should be prepared to work the tumor off the vessels by pulling 
gently or dissecting it sharply. Perforating arteries should be preserved if possible 
by any means. Often this is the most tedious and time-consuming part of surgery 
but it is worthwhile to prevent neurological defi cits. They are more diffi cult if not 
impossible to dissect from the meningioma, since often they drain also the tumor 
and even if the meningioma gets into intimate contact with the venous tissue adher-
ing fi rmly to it. In such instances it may become necessary to coagulate the vein 
and dissect it in order to achieve complete tumor removal – if this is possible in 
other attachment areas as well; if not, the small remnant may as well stay on the 
vein to prevent the risk of intracerebral damage due to edema or hemorrhage; in 
such an instance one should consider further therapy – radiotherapy – or watchful 
waiting.  

    The Nerves 

 As has been earlier mentioned, the cranial nerves may also pose signifi cant prob-
lems when dissecting the meningioma away from. This is true for all nerves. The 
nerve itself will be stretched already by the meningioma to a certain extent as will 
be its supplying vessels, which may also be affected by the meningioma. Therefore, 
one has to make sure not to overextend the nerves nor to damage them applying heat 
to them or their vasculature during coagulation of the meningioma. This may hap-
pen easily particularly when removing, e.g., a larger frontobasal (planum sphenoi-
dale or tuberculum sellae meningioma) lifting the optic chiasm; when working at 
the optic nerve, its tiny feeding arteries coming from below may be damaged when 
pulling on the tumor capsule causing a well-circumscribed ischemic lesion in the 
nerve (Fig  13 ).
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   Often, it has been suggested to use electrophysiological monitoring during surgery 
for tumors in close vicinity to cranial nerves or other important structures [ 5 ,  19 ,  77 , 
 92 ,  105 ,  126 ,  128 ,  141 ], even in a multimodal fashion, but there may be  limitations to 
the extent with which it can performed in a practical way, i.e., the number of cranial 
nerve which can monitored simultaneously. Also, one always has to weigh the benefi t 
of electrophysiological monitoring over the burden of observing these nerves reacting 
during surgery, which usually requires trained personnel. Furthermore, electrophysi-
ological monitoring during dissection of cranial nerves may be a useful adjunct in that 
one learns to be gentle with the nerves until this memorizer may not be required any-
more, at a late stage of competence. In analogy to awake craniotomy for intrinsic 
brain tumors in eloquent areas, awake craniotomy for a large foramen magnum 
meningioma, in addition to monitoring evoked potentials, has also been performed 
[ 35 ] but should certainly be reserved to particular indications.  

    Adjuncts for Radical Tumor Removal 

 At the fi rst intervention, microsurgical meningioma removal offers the best chance 
to be radical. However one has to make sure that the tumor, its border zone, and its 
origin are completely removed. If by any means possible, one should remove a 
safety margin on the dura of approx. 1 cm. Often one sees some vascular blush 
extending on the dura from the tumor origin, and histology usually shows some 
meningioma cells spreading along the vessels. So this dura should be removed or at 
least be coagulated carefully. Still, even with these precautions, one cannot 

a

b

c

  Fig. 13    Tuberculum sellae meningioma – postop further worsening of preoperatively severely 
affected vision right ON due to focal ischemia (s.  arrow ) due to small terminal optic nerve arteries 
( a ) preop MRI; ( b ,  c ) postop MRI       
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guarantee a 100 % complete removal without recurrence. Fluorescence as used suc-
cessfully in glioma surgery (aminolevulinic acid – ALA) has been tried by some 
groups in single cases or small groups of patients [ 10 ,  29 ,  69 ] during meningioma 
surgery in order to increase radicality, but no controlled studies showing a benefi t 
for radicality and long-term recurrence free survival are available until now.  

    Replacement of Removed Dura and Bone 

 Since in most instances radical surgery should be tried to achieve, a substitute is 
required for the dura resected with a safety margin in convexity meningioma to 
achieve Simpson I resection and in skull base meningioma to prevent CSF leakage. 
The best dural substitute is temporalis muscle fascia in patients with sphenoid wing 
meningioma; in convexity meningiomas usually it is best to use the inner layer of the 
galea; this needs to be considered when planning the craniotomy and the tissue has 
to be taken care of while removing the meningioma. If no suffi cient amount of galea 
is available, other substitutes are required. Having used all sorts of dural substitutes, 
we have found that TachoSil ® is the most suitable substitute even for closing larger 
defects. This graft material may be laid out over a number of sutures crossing the 
dural defect in a mesh-like fashion in order to keep it on the dural level. Once in 
place after soaking it a bit with wet sponges, it will adhere rapidly to the dural rims. 
Since this material became available to us, we have, in the majority of patients, pre-
ferred it even to fascia lata which we had previously used to cover larger dural defect. 

 Covering bony defects is only necessary when a cosmetic problem may be envi-
sioned, e.g., in the temporal or orbital area [ 20 ,  43 – 45 ,  62 ] or when a large defect 
would leave a larger area of brain vulnerable to outside forces. In these instances we 
prefer the tabula interna of the craniotomy fl ap or use titanium mesh or a combina-
tion of both materials which will be fi xed to the remaining bone using titanium 
mini-plates and screws. Rarely only do we need methyl methacrylate cranioplasty 
to cover large bone defects. When one has drilled away a major part of the bone to 
gain atraumatic access to the meningioma, it may be wise to fi ll the space using fat 
graft to reduce the risk of CSF leakage. 

 Placement of a lumbar drainage postoperatively may be used in a liberal fashion 
but it should be removed as early as possible when CSF is not demonstrated on later 
postoperative CT or MRI scan in the surgical cavity in order to prevent its risks and 
not to extend unnecessarily the patients’ stay in the hospital.  

    Particular Locations of Meningiomas 

 Midline meningiomas always pose a special risk to the patient and challenge to the 
surgeon. This is true particularly in the cranial convexity, i.e., around the superior sag-
ittal sinus (SSS). In order to remove the meningioma completely, even if the SSS 

Intracranial Meningiomas: A 30-Year Experience and Literature Review



168

seems completely occluded on MRI scanning, careful evaluation of cerebral hemi-
spheric drainage is mandatory, if possible by MR angiography or 4-D CT angiography 
taking the time sequence of draining the brain additionally into consideration. 
Otherwise one might overlook small but clinically relevant draining parasinus systems 
which even may run transdurally and lead, through osseous channels, to larger subcu-
taneous draining veins. Neuronavigation may help to identify them prior to and during 
surgery and save them from being cut inadvertently, with the need of coagulation and 
obliteration, and the risk of reducing the draining system of the hemispheres. 

 Radical resection of a stenosed or occluded SSS is possible, with the aim to com-
pletely remove the meningioma; in such an instance, the falx needs to be resected 
completely as well, down to the level of the inferior sagittal sinus which may be 
saved if not in close vicinity to the meningioma. Being doubtful whether it would be 
safe to resect a not completely occluded SSS, in some cases we have measured the 
intrasinusoidal venous pressure prior to opening it an after test occlusion. The fi nd-
ing of unchanged pre–post-occlusion intrasinusoidal pressure helped us to decide 
for obliteration and complete resection of the infi ltrated sinus segment. Other 
authors have recommended SSS reconstruction using different techniques and pub-
lished case reports or larger series [ 36 ,  37 ,  58 ,  148 ,  155 ,  157 ]; we have used this 
technique in some instances only and preferred postoperative local radiotherapy for 
tumor remnants in the sinus wall.  

    Recurrent Meningiomas 

 As has been pointed out earlier, meningioma may recur locally in a certain percent-
age, depending on the radicality of initial surgery and their grading or may develop 
additional meningiomas distant from the fi rst one. Calculating a rule of thumb from 
the old numbers of Simpson [ 153 ], one can estimate a 1 % per year recurrence rate 
in grade I meningiomas, a 2 % rate in grade II meningiomas, and 3 % in grade III 
meningiomas. The true “rate of recurrence” also depends on the intensity of postop-
erative follow-up of patients. There is no evidence-based suggestion how often a 
patient should be controlled by MRI postoperatively, in order to maintain the “good 
postoperative status.” From a clinical and health economics-based perspective, one 
may wonder whether it would be suffi cient to perform imaging studies when new 
symptoms occur. The argument against this wait-and-see attitude may be that a 
recurring meningioma may cause new symptoms only when it has fi lled out an old 
resection cavity or grown into other directions irritating previously unaffected brain 
or nervous structures and thus has become more diffi cult to operate on. 

 Surgery is usually indicated when recurrence has been detected within a reason-
ably short time interval after fi rst surgery independent of clinical symptoms or when 
new clinical symptoms occur after a longer time interval. Surgery for recurrent 
meningiomas is usually more diffi cult and less rewarding with regard to the clinical 
results for a variety of reasons: The new craniotomy needs to be extended usually 
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over the old one with the direction of regrowth in mind, so passing over the borders 
may require crossing scar formations extradurally and subsequently and more 
important intradurally. While the arachnoid plane may be initially present, in a 
recurrence situation it is usually no longer respected so the tumor is more diffi cult 
to dissect against the vessels and the brain surface risking more damage. Closure of 
the dura and the craniotomy site may be more technically more demanding than in 
virgin meningioma surgery causing more CSF leakage but is possible using modern 
substitutes such as TachoSil® and fi brin glue. 

 Taken all this together, the patient should be advised to undergo repeat surgery 
for a recurrent meningioma when his/her biological age warrants several more years 
to live, and even several repeat surgeries may become necessary as has been pointed 
out already many years ago by Cushing, e.g., in the case of the young violin player 
[ 31 ]. In our series the highest number of operations performed in a single patient for 
recurrences was 11 operations. This was a patient who had initially been operated 
elsewhere in 1992 for a parasagittal meningioma and came to us 1 year later with a 
recurrent meningioma which turned out to be malignant, and further surgeries were 
required because of clinical symptoms like seizures and fi nally subcutaneous metas-
tases developing before pulmonary metastases terminated his/her life in 1996 which 
until shortly before his/her death had been of decent quality.   

    Adjuvant Therapy 

    Radiotherapy 

 When a meningioma cannot be completely removed incl. its adjacent dura (“Simpson 
grade 0”), the future carries the risk of recurrence. Accordingly it needs to be exten-
sively discussed with the patient whether immediate radiotherapy or radiosurgery 
needs to be applied in a useful fashion. 

 While the benefi t of radiosurgery used in the modality of Gamma Knife therapy 
is derived from its excellent isodose distribution, neurosurgeons using the Gamma 
Knife are very careful about the vicinity of the meningioma to radiosensitive struc-
tures like the optic tract, the pituitary gland, and the brain stem. Surgical–radiosur-
gical and radiotherapeutical discussion in tumor boards is the ideal way to have the 
patient benefi t the most from combined therapies, and the surgeon should be inte-
gral part when planning the fi eld of radiation. 

 Timing of radiotherapy as related to surgery however is a question of debate: 
While it has been shown early [ 6 ] that radiotherapy following fi rst surgical resection 
is better able to control meningioma growth than after second surgery, some sur-
geons like to defer patients after incomplete resection with a wait-and-see attitude. 
This is certainly possible in older patients and in very fi rm, presumably slowly 
growing menigiomas, but younger patients or patients harboring soft and yet incom-
pletely removed meningiomas should be advised to undergo radiosurgery within a 
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planned interval of a few months (“soon” [ 78 ]) after surgery; the interval is deemed 
helpful to let cranial nerves and small vessels recover from surgical trauma. 

 Maximum surgical resection of skull base meningiomas and adjuvant stereotac-
tic radiosurgery shows the best results with a 97 % control rate over a longer period 
of time [ 65 ]. Excellent control rates of up to 94 % and 10-year control rate of 84 % 
[ 179 ] and 91.6 % [ 159 ] have been published in the radiosurgical and radiotherapeu-
tical literature with minor risks such as peritumoral edema [ 50 ,  113 ] amenable to 
dexamethasone therapy. For large (i.e. >4 cm maximum diameter) meningiomas, 
fractionated stereotactic conformal radiotherapy has been suggested with a 3-year 
and 5-year progression-free survival of 96 % and 93 %, respectively [ 101 ]. The 
patient should be controlled, however, over a longer period of time in order not to 
overlook late progression [ 101 ,  159 ]. Also the patient needs, before being sent to 
radiotherapy and radiosurgery, to be informed about the risk albeit small of late 
(interval of more than 10 years) secondary malignancies  [ 93 ,  111 ] or the occlusion 
of vessels in the radiation fi eld, e.g., the internal carotid artery. We have experienced 
such a complication with severe clinical problems: a few years after surgical deb-
ulking and radiotherapy of a left-sided cavernous sinus meningioma, the patient 
came again to our attention with minor strokes due to severely impaired left hemi-
spheric circulation, on the basis of a progressive narrowing to occlusion of the left 
carotid artery, and in the situation of an isolated left hemisphere. The superfi cial 
temporal artery having been occluded during initial surgery, a high-fl ow extra-intra-
cranial bypass was suggested to the patient, but it occluded shortly after surgery, 
leaving the patient with her unchanged misery perfusion status for the left hemi-
sphere. In such instances it may be advisable in the future to consider endovascular 
placement of an intraluminal stent to keep the carotid or other major arteries patent 
despite post-radiation media hyperplasia or progressive tumor growth.  

    Chemotherapy 

 Since meningiomas are, as has been pointed out, fraught with the risk of recurrence, 
early on it has been suggested to treat them with chemotherapy in addition to radio-
therapy. However, conventional chemotherapy which has been used in gliomas such 
as PCV has brought no benefi t to the patient. The following regimens have been 
proposed over the last 20 years until more recently [ 59 ,  73 ,  142 ,  143 ,  149 ]: hydroxy-
urea, somatostatin, and temozolomide [ 145 ], tyrosine kinase inhibitor imatinib 
mesylate [ 64 ], VEGF receptor inhibitor bevacizumab [ 88 ,  109 ], and trabectedin 
[ 119 ]. Most of these drugs were used in very small patient groups of a variety of 
high-grade recurrences or in single-patient experiences. Only hydroxyurea has been 
used in a more extended fashion by several groups, and the results have been reported 
in a retrospective fashion [ 25 ]. This author presented a series of 35 patients with 
recurrent grade II meningioma who had progressed after prior reoperation and radio-
therapy and treated them with median 2 cycles of hydroxyurea 1000 m/m 2  orally 
divided twice per day. Overall progression-free survival (PFS) was 3 % at 6 months 
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(median PFS 2 months). Reardon’s group [ 123 ] has reported on a series of 21 
patients with recurrent grade I–III meningiomas treated with a combination therapy 
of imatinib (400 mg/day) and hydroxyurea (500 mg twice a day). Best radiographic 
response was stable disease over 6 months which was observed in 14 patients (67 %). 
They concluded that the combination therapy is well tolerated but has only modest 
antitumor activity, less in high-grade meningiomas than in grade I meningiomas. We 
had gained similar experience and have refrained from using HU in a regular fash-
ion; only the abovementioned patient with a low-grade multiple meningioma has 
been on HU for more than 15 years now and has a stable disease (Fig.  9 ). 

 Chamberlain and Barnholtz-Sloan [ 26 ] have previously summarized the disap-
pointing results presented in the literature concerning “targeted approach” and 
pointed to the guidelines for inoperable and radiation-refractory meningiomas 
which are limited to hydroxyurea, IFN-α, and Sandostatin LAR, a somatostatin 
analogue. Most of these data supporting some benefi cial effect of medical treatment 
on meningiomas rely on case reports or smaller series. In our own early experience 
[ 130 ,  131 ], we had a young patient who was treated under compassionate use with 
octreotide with an intra- and suprasellar tumor suggestive at this time for a pituitary 
adenoma with good results for his/her visual fi eld defects. When octreotide came on 
the market, it was too expensive for the patient, and we advised surgical excision of 
the tumor what had been rejected previously due to coagulation disorders. As it 
turned out during uneventful surgery, it was a tuberculum sellae meningioma which 
could be removed completely with permanent improvement of visual fi eld defects.  

    Hormonal 

 On the basis of the fi nding of receptors binding a variety of hormones such as pro-
gesterone and others and based on laboratory research results, it has been suggested 
to use antihormonal therapy (mifepristone RU-486) in otherwise therapy refractory 
meningiomas [ 57 ,  139 ]. Only anecdotal reports have been presented at meetings, 
probably due to the not yet suffi ciently evaluated variability of receptors in various 
meningiomas [ 174 ].   

    Outcome 

    Clinical Evaluation 

 The best result for a patient simply is the result which he/she desires from surgery: 
to be kept alive and well in order to lead an independent life for as long time as pos-
sible. This desire helps him/her to overcome preoperative fears and anxieties, which 
everyone has in view of undergoing craniotomy, to a very variable extent. However, 
reality may often turn out differently for the patient and his/her relatives. The 
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surgeon therefore should extensively and responsibly discuss with the patient about 
his/her situation and his/her expectations. This should include the possibility of 
worsening of clinically guiding symptoms, the non-subsidance of previous symp-
toms, and others. 

 Often enough patient’s perceptions both of an impending surgery and of results 
of surgery differ from surgeons’ perception. From a neurosurgeon’s perspective, 
formal neurological testing, e.g., for cranial nerve functions, seems adequate, but 
often other problems may be more important to the patient (Fig.  14 ). In this regard, 
our neuropsychology group, being a major integral part of our neurosurgical team, 
has extensively evaluated some of the problems involved in this complex.

       Patient Performance and Perception: The importance 
of Neuropsychology 

 Several problems need to be addressed. Comorbid mental disorders in both the 
patients and their relatives are not infrequent: In one study [ 53 ] using structured clini-
cal interviews for DISM-IV (SCID-IV) in patients and their relatives within 3 months 
after discovery of a brain tumor, 38 % of the patients and 47 % of the partners suffered 
from a psychiatric disorder, in the majority of elevated psychosocial stress. 

11.12.09 2.6.10

  Fig. 14    Severe long-standing misdiagnosed neuropsychological problems in a female patient 
improve only slowly postoperatively, although the patient had understood how well she was 
“objectively” doing. ( a ) Preop MRI; ( b ) postop MRI scan shows nearly normal brain with only 
minor scar right frontal region, 6 months postop       
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Interestingly, partners were even more affected than patients themselves, particularly 
by the fear of surgical outcomes. This points clearly to the necessity that patients and 
partners should be counseled carefully – the better they are informed, the more relaxed 
they can cope with surgery. This stress is basically independent of the grade of tumor. 

 In order to better identify, even in a busy neurosurgical setting, patients suffering 
particularly from elevated psychosocial stress, the National Comprehensive Cancer 
Network’s (NCCN) Distress Thermometer (DT) was evaluated in a group of 150 
patients harboring primary intracranial tumors [ 54 ]. The single-item DT was shown 
to be a valid and practicable screening instrument for assessment of levels of dis-
tress in neurosurgical patients, comparable to the conventionally used hospital anxi-
ety and depression scale (HADS). It is noteworthy that again the grading of tumor 
did not interfere with the level of distress. 

 Since it could be possible that preoperative stress level might affect neuropsy-
chological test performance, in another study, we evaluated 172 patients 
 preoperatively using a comprehensive test battery including the HADS and the 
Acute Stress Disorder Scale (ASDS) as more general measures of an emotional 
state and the Amsterdam Preoperative Anxiety and Information Scale (APAIS) as 
more specifi cally related to the neurosurgical procedure. After age and education 
adjustment, affect did not alter cognitive performance in any of the cognitive 
domains in the whole patient sample [ 52 ]. 

 Furthermore, it became evident [ 55 ] that “acute stress disorder (ASD)” is a 
severe psychiatric comorbidity in patients with brain tumors which needs to be 
taken care of in the early phase of treatment. 

 Fortunately enough for meningioma patients, they seem to fare slightly better than 
patients with intrinsic brain tumors, as was shown in a comparative evaluation of two 
patient groups [ 52 ]: in the meningioma group, preoperative anxiety was higher com-
pared to glioma patients, who, after the diagnosis had been communicated to them 
and their partners, understandably showed high levels of anxiety with increasing lev-
els of depression. But in the follow-up evaluation, meningioma patients showed great 
relief about positive surgical course. Interestingly, an earlier study [ 121 ] had shown 
similarly high preoperative anxiety levels in meningioma patients as we have found; 
these authors attributed their fi nding to the high female proportion, which was not 
present in our group of patients. This study confi rmed that overall physical and func-
tional status was signifi cantly related to the patients’ emotional status, as was 
impaired memory associated with depression after 6 months. These fi ndings support 
the need for routine preoperative neuropsychological assessment of patients with 
intracranial tumors in order to help improve in the postoperative functional status.  

    Postoperative Neurological Defi cits 

 While most neurological defi cits, e.g., paresis or sensory or speech disturbances, are 
relatively well tolerated by the patient and have a chance to improve over time, 
cranial nerve defi cits pose a major often permanent problem to both the patient and 
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  Fig. 15    ( a ) Quality of life in meningiomas postop (GOS) – age-related (note: GOS is read such as 
1 means excellent and 5 means dead; only slight age relationship in 148 patients period 2008–
2011). ( b ) Reasons for GOS >1 (in  N  = 148), multiple reasons possible: cranial nerve defi cit as 
major problem for patients to completely rehabilitate       
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his/her treating surgeon alike. This also certainly explains why the attitude toward 
radical meningioma removal even in the cavernous sinus suggested in the 1970s/
early 1980s of the last century has been abandoned a few years later again. We have 
analyzed our own data concerning functional outcome as roughly measured using 
the Glasgow Outcome Score (GOS) with particular attention to postoperative cra-
nial nerve defi cits recently and have been disappointed about the number of longer- 
lasting nerve dysfunctions as given in Fig.  15 . These data do not favorably compare 
with some published data. However, they depend to a large extent on the distribution 
of meningioma location: in a recent series of petroclival meningioma surgery, even 
44 % new cranial nerve neuropathies were reported [ 108 ]; these fi gures may serve 
as a baseline for further improvement of surgical techniques in a teaching hospital.

        Conclusion 

 Modern techniques have greatly improved the fate for meningioma patients, but 
many problems infl uencing long-term prognosis still need to be taken care of in the 
future. The full spectrum of ancillary diagnostic and therapeutic options from mod-
ern molecular biology to neuropsychology will help to further improve treatment 
strategies which should be guided by a technically well-trained and socially highly 
conscious academic neurosurgeon.     
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   Abstract     We present a vascular anatomical study of the arteries and veins of the 
sylvian fi ssure and insula. 

 A good knowledge of the sylvian fi ssure, the insula, and their vascular relation-
ship would seem mandatory before performing surgery in this area, whatever the 
type of surgery (aneurysms, arteriovenous malformations, insular tumors). 

 We start with the sylvian fi ssure and insula morphology, followed by the MCA 
description and its perforators, with special attention paid to the insular perforators. 
We demonstrate that the long insular perforators penetrating in the superior part of 
the posterior short gyrus and long gyri vascularize, respectively, the corticonuclear 
and corticospinal fasciculi. We particularly insist too on three anatomical constants 
regarding the vascularization of the insula, already described in the literature: The 
superior periinsular sulcus is the only sulcus on the lateral surface of the brain with-
out an artery along its axis; the superior branch of the MCA supplies the anterior 
insular pole and both the anterior and middle short gyri in 100 % of cases; in at least 
90 % of cases, the artery that supplied the central insular sulcus continued on to 
become the central artery. 

 We end with the anatomical study of the veins and cisterns.  

  Keywords     Sylvian fi ssure   •   Insula   •   MCA   •   Perforators   •   Insular perforators   • 
  Insular vein   •   Cisterns  

        Introduction 

 Surgery of the insula represents a technical challenge because of the great vascu-
lar density (arteries and veins) and because of the proximity of the internal 
capsule. 

 A good knowledge of the sylvian fi ssure, the insula, and their vascular relation-
ship would seem mandatory before performing surgery in this area, whatever the 
type of surgery (aneurysms, arteriovenous malformations, insular tumors). 

 We start with the sylvian fi ssure and insula morphology, followed by the MCA 
description and its perforators, with special attention paid to the long insular perfo-
rators, and end with the veins and cisterns.  

    Materials and Methods 

 Twenty-fi ve formalin-fi xed human heads were perfused (arteries (20) and arteries 
and veins (5) with colored latex). The brain was removed some days later, and the 
sylvian fi ssure and insula were examined using a Wild Leitz surgical microscope 
with a D80 Nikon photographic attachment set. The sylvian fi ssure was opened 
wide using microsurgical methods, and the arachnoid membranes and cisterns 
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 identifi ed. Then we examined the MCA main trunk, the MCA bifurcation, and 
the perforators; the insula supply was studied, using the removal of some opercu-
lae, and particularly the perforators arising from M2. The insular venous pattern 
of drainage and its connection to the superfi cial sylvian vein or the deep sylvian 
vein were identifi ed. Additional fi xed, but non-injected, brains were used for 
 cortex study.  

    Description 

    The Sylvian Fissure [ 25 ,  27 ,  31 ] (Figs.  1 ,  2 , and  3 ) 

      The sylvian fi ssure is the most distinct landmark on the lateral surface of the cere-
brum; it separates the frontal and parietal lobes from the temporal lobe and extends 
from the anterior perforated substance to the supramarginal gyrus; the insula forms 
its fl oor. The sylvian fi ssure provides passage to the MCA and its branches and is a 
surgical gateway connecting the cerebral surface to the anterior part of the basal 
surface of the brain and skull base. 

 The sylvian fi ssure is divided into anterior (stem) and posterior (insulo-opercular 
compartments). The stem originates inferiorly at the anterior perforated substance 
located at the level of the ambiens gyrus of uncus and extends laterally between the 
orbital gyri and the temporal pole (Fig.  2 ). The temporal incisura and the fronto- 
orbital limb are two side branches of the sylvian stem. As the stem reaches the lat-
eral surface of the brain, it divides into the horizontal, ascending, and posterior 
rami, and the confl uence of which is named: the sylvian point. 

PT

PoG PrG

C S

  Fig. 1    Right lateral view 
of a cadaveric brain. The 
natural upward retraction 
of the apex of the pars 
triangularis creates the 
largest natural opening in 
the sylvian fi ssure.  PT  pars 
triangularis,  PrG  precentral 
gyrus,  PoG  postcentral 
gyrus,  CS  central sulcus       
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 The horizontal and ascending rami divide the inferior frontal gyrus into pars 
orbitalis, triangularis, and opercularis. The posterior ramus separates the frontal and 
parietal lobes from the temporal lobe and forms the sylvian line. The posterior 
ramus is composed of the diagonal sulcus, the anterior and posterior subcentral 
sulci, and the terminal ascending and descending limbs, as well as the side branch 
of the transverse temporal sulcus. The horseshoe-shaped supramarginal gyrus 
drapes over the superior boundary of the posterior ramus. The fl oor of the sylvian 
stem constitutes the preinsular sulcus (sylvian vallecula) which corresponds to the 
anterior perforated substance (APS). The fl oor of the posterior ramus of the sylvian 
fi ssure is composed of the insula and post-insular sulcus.  

    Insula [ 1 ,  19 ,  27 ,  33 ,  35 ] (Figs.  4 ,  5 , and  6 ) 

      The insula lies within the depths of the sylvian fi ssure, covered by the frontal, pari-
etal, and temporal opercula and overlying the deep basal nuclei (claustrum and 
putamen of the lentiform nucleus); it has a trapezoid shape and is separated from the 

OC

OB

TP

  Fig. 2    Right inferior 
cerebral view of the APS 
(anterior perforated 
substance).  TP  temporal 
pole,  OB  olfactory bulb, 
 OC  optic chiasm. The APS 
is classically defi ned 
anteriorly by the olfactive 
bulb division, medially and 
posteriorly by the chiasm 
and the optic tract, and 
medially by the temporal 
pole       

TP

OC

PO

  Fig. 3    Right inferior 
cerebral view of the limen 
insulae.  TP  temporal pole, 
 PO  pars orbitalis,  OC  optic 
chiasm       
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opercula by the anterior, superior, and inferior periinsular sulci, which are located, 
respectively, beneath the fronto-orbital, frontoparietal, and temporal operculae. The 
limen insulae is the entranceway into the insula and forms the lateral limit of the 
sylvian vallecula. 

CS

PT

ASG
MSG

PSG

  Fig. 5    Right lateral view 
of the insula after frontal 
and parietal operculae 
removal.  CS  central sulcus, 
 PT  planum temporale,  ASG  
anterior short gyrus,  MSG  
middle short gyrus,  PSG  
posterior short gyrus. The 
middle short gyrus is here 
underdeveloped and 
slightly convex       

POr

ASG

MSG
PSG

ALG

PLG

CS
  Fig. 6    Right lateral view 
of the insula after frontal, 
parietal, and temporal 
operculae removal.  CS  
central sulcus,  POr  pars 
orbitalis,  ASG  anterior 
short gyrus,  MSG  
middle short gyrus,  PSG  
posterior short gyrus,  ALG  
anterior long gyrus,  PLG  
posterior long gyrus       

PT

POr
POp

CS

PLG

ALG

  Fig. 4    Right lateral view 
of the insula after temporal 
operculae removal.  PT  pars 
triangularis,  POr  pars 
orbitalis,  POp  pars 
opercularis,  ALG  anterior 
long gyrus,  PLG  posterior 
long gyrus,  CS  central 
sulcus       
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 The central insular sulcus traverses the insula from the superior periinsular sul-
cus to the limen insulae and divides it into anterior and posterior portions:

•    The anterior insula is composed of the transverse and accessory insular gyri 
and three principal short gyri (anterior, middle, and posterior). The transverse 
and accessory insular gyri form the insular pole which is located at the most 
anteroinferior aspect of the insula. The transverse gyrus acts as a junction 
between the inferior portion of the anterior insula and the posterior fronto-
orbital region; the accessory insular gyrus extends from the anterior portion of 
the anterior short gyrus and is located beneath the fronto-orbital operculum on 
the superior aspect of the transverse insular gyrus. The anterior, middle, and 
post short insular gyri fuse to form the insular apex. In 50 % of cases, the pre-
central gyrus separating the middle and posterior short gyri is merely a shallow 
depression, and the middle short gyrus is underdeveloped and slightly convex 
(Fig.  6 ).  

•   The posterior insula consists of the anterior and posterior long insular gyri which 
are separated by the postcentral insular sulcus.  

•   In 60 % of cases, the superior extremity of the central insular sulcus is in direct 
continuity with the inferior extremity of the cerebral central sulcus.    

 The operculum of the precentral gyrus covers the middle third and the anterior 
portion of the posterior third of the insula. The corticonuclear fi bers at the level of 
the genu of the internal capsule project over the middle third of the insula which 
responds to the posterior short gyrus, and the posterior limb of the internal capsule 
with the corticospinal fi bers is projected over the long anterior and posterior gyri 
(Figs.  7  and  8 ).

  Fig. 7    Left lateral view of 
the brain by MR imaging 
with DTI tractography of 
the corticospinal tract. 
Medinria software. We can 
see the corticospinal tract 
running through the 
posterior limb of the 
internal capsule, which is 
projected over the long 
gyri of the insula       
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         Arteries 

    MCA [ 7 ,  12 ,  13 ,  24 ,  26 ,  35 ] (Figs.  9 ,  10 ,  11 , and  12 ) 

       The MCA, the youngest and surely the most variable of all cerebral vessels, can be 
divided into four segments. The M1 (sphenoidal) extends from the ICA bifurcation 
to the main MCA division which is located adjacent to the limen insulae. The M2 
(insular segments) extends from the MCA division to the periinsular sulci and the 
M3 segments (opercular) from the periinsular sulci to the surface of the brain along 
the sylvian fi ssure. The M4 (cortical) segments located on the parasylvian surface of 
the brain are extended over the cortical surface of the cerebral hemisphere. 

 The MCA originates at the division of the internal carotid artery lateral to the 
optic chiasm and courses laterally under the anterior perforated space to reach the 
end of the sylvian fi ssure. At this point, the artery turns, crosses over the limen insu-
lae, and enters the insular area at the level of the insular apex where it forms a genu. 
The main division of the MCA is usually found before, or at the level of, the limen. 
The secondary trunks resulting from the division (frontal and temporal branches) 
will course over the surface of the insular cortex giving rise to the cortical branches. 

 The main trunk of the M1 ends in a bifurcation in 78 % of the specimens, a trifur-
cation in 12 %, and a quadrifurcation (or multiple branches arising from a single 
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ALG PLG
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Al Pl
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  Fig. 8    Superolateral view of a left insula; the frontoparietal operculae have been removed using a 
transverse cut along the superior limiting sulcus to show the relationships between the insula and 
the deeper structures. The foramen of Monro is located deep to the middle portion of the middle 
short gyrus, and the lentiform nucleus extends from the midportion of the middle short gyrus to the 
middle part of the posterior long gyrus; the knee of the internal capsule and also the corticonuclear 
tract are projected over the middle third of the insula which responds to the posterior short gyrus. 
The posterior limb of the internal capsule is projected over the long gyri of the insula.  POr  pars 
orbitalis,  ASG  anterior short gyrus,  MSG  medial short gyrus,  PSG  posterior short gyrus,  ALG  ante-
rior long gyrus,  PLG  posterior long gyrus,  CN  caudate nucleus,  CC  corpus callosum,  LN  lentiform 
nucleus,  Th  thalamus,  AL  anterior limb,  G  genu,  PL  posterior limb,  LV  lateral ventricle,  FM  fora-
men of Monro       
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trunk [ 29 ]) in 10 % (fi g). In about 10 %, there is a strong frontal or temporal branch 
mimicking the main division and named [ 34 ] a false bifurcation (Fig), and in 80 %, 
small cortical arteries can arise from the main trunk before the main division [ 26 ]. In 
20 % of cases, we found one uncal artery supplying the piriform cortex with, in some 
cases, an additional supply coming from the ICA or the anterior choroidal artery.  

ICA

F

T

A1

M1

ST
IT

  Fig. 9    Right inferior view 
after removal of the 
temporal pole; there is a 
very short M1 dividing at 
the sylvian fi ssure entrance 
in superior and inferior 
trunks.  OC  optic chiasm, 
 A1  fi rst part of the anterior 
cerebral artery,  M1  fi rst 
part of the middle cerebral 
artery,  ICA  internal 
cerebral artery,  F  frontal 
lobe,  T  temporal lobe,  ST  
superior trunk,  IT  inferior 
trunk       

OC
ICA

M1

F

T

*

  Fig. 10    Left inferior view 
after removal of the 
temporal pole; there is a 
false bifurcation with a 
strong frontal branch (*) 
mimicking the main 
division.  Abbreviations : 
see caption 9       

OC

F

T

M1
ICA

  Fig. 11    Right inferior 
view after removal of the 
temporal pole; there is an 
MCA quadrifurcation 
(less than 10 % of cases). 
 Abbreviations : see caption 9       
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    M1 Perforators [ 7 ,  9 ,  14 ,  15 ,  28 ,  32 ] (Figs.  13 ,  14 ,  15 ,  16 , 
 17 , and  18 ) 

         Based on their morphological and topographical features, the perforating arteries 
are classically divided into three groups: medial, middle, and lateral. 

 The medial group, the most numerous, arose from the MCA just distal to the 
carotid bifurcation and the origin of the anterior choroidal artery; they have to be 
differentiated from the two perforators arising from the ICA bifurcation. Concerning 
their territory, they are in balance with the recurrent artery of Heubner [ 12 ,  16 ,  20 ]. 

 The middle group arose from the mid-third of M1 directly from the main MCA’s 
main trunk or from a cortical branch, separately, or from a common stem. 

ICA

BV P2

M1
U

UA

DSV

Ach

  Fig. 12    Right inferior view (the frontal lobe is on the left, and the brainstem is up): There is an uncal 
artery supplying the uncus and the piriform cortex.  DSV  deep sylvian vein,  U  uncus,  BV  basal vein, 
 Ach  anterior choroidal artery.  M1  fi rst part of the middle cerebral artery,  ICA  internal cerebral artery, 
 P2  second segment of the posterior cerebral artery,  UA  uncal artery        

  Fig. 13    Right inferior view after temporal pole removal; there are three groups of perforators merg-
ing from M1.  M1  fi rst part of the middle cerebral artery,  Pcom  posterior communicating artery,  LS  
lenticulostriate arteries,  MG  medial group of LS,  IG  intermediate group of LS,  LG  lateral group of 
LS,  H  Heubner artery,  OC  optic chiasm,  Acha  anterior choroidal artery,  ICA  internal carotid artery       
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 The lateral group, also named the lenticulostriate arteries, is well developed with 
a larger diameter. They have a classical “S” shape and can arise separately or from 
a common trunk or a cortical branch; if they arise from the MCA, they arise 
 classically from its dorsal aspect, but it’s not uncommon to fi nd a rostral, caudal, or 

Pcom

M1

* Ach

  Fig. 14    Right inferior 
view after temporal pole 
removal; the medial group 
of perforators is missing; 
the lateral group 
(lenticulostriate arteries) is 
arising from a common 
trunk (*).  M1  fi rst part of 
the middle cerebral artery; 
 Pcom  posterior 
communicant artery;  Ach  
anterior choroidal artery       

H
LS

M1

  Fig. 15    Left inferior view 
after temporal pole removal; 
the medial and middle 
groups of perforators are 
missing and replaced by the 
Heubner.  Abbreviations : 
see caption 13       

M1 ICA

LS

  Fig. 16    Right inferior 
view after temporal pole 
removal; the medial group 
of perforators is missing; 
the lateral group 
(lenticulostriate arteries) is 
arising separately from 
M1.  Abbreviations : see 
caption 13       
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ventral origin. The most important point is their origin from M2 in 14–30 % of 
cases. They supply the caudate nucleus, the putamen, the globus pallidus, the inter-
nal capsule, and the corona radiata [ 3 ].  

    M2 Branches (Fig.  19 ) 

    The cortical distribution supplied by the MCA included the majority of the lateral 
surface of the hemisphere, all of the insular and opercular surface, the lateral part of 
the orbital surface of the frontal lobe, the temporal lobe, and the lateral part of the 
inferior surface of the temporal lobe. 

 The fronto-orbital, prefrontal, precentral, and central arteries usually arose 
from the superior trunk. The temporopolar, temporo-occipital, angular and ante-
rior, middle, and posterior temporal arteries usually arose from the inferior 
trunk. The anterior and posterior parietal arteries usually arose from the main 
trunk.  

  Fig. 17    Right inferior 
view after temporal pole 
removal; the lateral group 
(lenticulostriate arteries) is 
arising from M2.  M1  fi rst 
part of the middle cerebral 
artery,  M2  second segment 
of middle cerebral artery, 
 LS  lenticulostriate arteries, 
 ICA  internal carotid artery       

  Fig. 18    Left inferior view 
after temporal pole 
removal; the lateral group 
(lenticulostriate arteries) is 
arising from M2.  ICA  
internal carotid artery,  M1  
fi rst part of the middle 
cerebral artery,  LS  
lenticulostriate arteries, 
   Pcom  posterior 
communicant artery,  M2  
second segment of the 
middle cerebral artery,  Ach  
anterior choroidal artery       
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    Accessory Middle Cerebral Artery [ 12 ,  29 ] (Figs.  20  and  21 ) 

     An accessory MCA was found in two hemispheres; in both specimens, the origin 
was the ACA at the level of the A1-A2-AcoA junction (A1 fi rst segment of the ante-
rior cerebral artery, A2 second segment of the anterior cerebral artery, AcoA com-
municant artery), and the course was parallel to that of MCA. The cortical distribution 
was in the territory of the fronto-orbital and precentral artery in one specimen and in 
the territory of the fronto-orbital, precentral, and central artery in the other. Both 
accessory arteries supplied perforating branches entering the APS, including the 
recurrent artery of Heubner; in the second case, there was a second Heubner arising 
from the proximal A2 segment of the ACA.  

    Insular Supply (Figs.  22 ,  23 ,  24 ,  25 ,  26 ,  27 , and  28 ) 

          The MCA, the largest, youngest, and most complex of the cerebral arteries, pro-
vides the sole supply to the insula but predominantly from M2. 

  Fig. 19    Lateral right 
hemisphere view after 
frontal, parietal, and 
temporal operculae 
removal showing the M2, 
M3, and M4 MCA parts, 
 M2  second segment of the 
middle cerebral artery,  
M3  third segment of the 
middle cerebral artery, 
 M4  fourth segment of the 
middle cerebral artery        

  Fig. 20    Right inferior 
view of the right sylvian 
sulcus showing a small 
accessory middle cerebral 
artery (amca).  F  frontal 
lobe,  T  temporal lobe,  ica  
internal carotid artery,  aca  
anterior cerebral artery, 
 mca  middle cerebral artery       
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  Fig. 23    Lateral view of a 
left insula (injection with 
blue Indian ink) after 
frontal, parietal, and 
temporal operculae removal. 
 ASG  anterior short gyrus, 
 MSG  medial short gyrus, 
 PSG  posterior short 
gyrus,  ALG  anterior long 
gyrus,  PLG  posterior 
long gyrus,  ST  superior 
trunk,  IT  inferior trunk,  CS  
central sulcus,  CIS  central 
insular sulcus. The artery 
that supplies the central 
insular sulcus continues on 
to become the central artery       

F

T

ica
mca

aca
°

°

  Fig. 21    Right inferior 
view of the right sylvian 
sulcus showing a huge, 
large accessory middle 
cerebral artery (°).  F  
frontal lobe,  T  temporal 
lobe,  ica  internal carotid 
artery,  aca  anterior 
cerebral artery,  mc a middle 
cerebral artery       

MSG

ALG PLG

ST

PSG

  Fig. 22    Lateral view of a 
left insula (injection with 
blue Indian ink). The 
superior trunk supplies the 
anterior part of the insula 
and gives off perforators. 
 MSG  medial short gyrus, 
 PSG  posterior short gyrus, 
 ALG  anterior long gyrus, 
 PLG  posterior long gyrus, 
 ST  superior trunk. The 
artery that supplies the 
central insular sulcus 
continues on to become the 
central artery       
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ST

IT

SPGMSG
ASG

ALG

CIS

  Fig. 24    Lateral view of a 
left insula (injection with red 
latex) after frontal, parietal, 
temporal and operculae 
removal.  Abbreviations : 
see caption 23       

CS

ST

IT

  Fig. 25    Lateral view of a 
right insula (injection with 
red latex) after frontal, 
parietal, and temporal 
operculae removal.  LI  limen 
insulae.  GLA  anterior long 
gyrus,  GCP  anterior short 
gyrus,  GLP  posterior long 
gyrus,  GCM  middle short 
gyrus,  GCA  anterior short 
gyrus.  Other abbreviations : 
see caption 23       

  Fig. 26    Lateral view of a 
right insula (injection 
with red latex) after 
frontal, parietal, and 
temporal operculae and 
temporal pole removal. 
 bif  MCA bifurcation. 
 Other abbreviations : see 
caption 23       
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 The only constant arterial relationships identifi ed in our study were that the ante-
rior and middle short gyri which were always supplied by the superior trunk of the 
MCA, and, in 50 % of cases, the insula is totally supplied by the superior trunk. No 
insular cortex was supplied exclusively by the inferior trunk; the central artery is a 
branch of the superior trunk in the majority of cases and supplies the central insular 
sulcus; the angular artery is always a branch of the inferior trunk and in 50 % of 
cases does not supply the insula. 

 An examination of 50 hemispheres (25 brains) revealed an average of 85 insular 
arteries originating from M2; in 50 % of cases, some insular arteries can arise from 
M1, but they only supply the limen insulae. In 20 % of cases, branches can arise 
from M3 and supply the periinsular sulcus. The average diameter was 0.3 mm; an 
average of 8.5 insular arteries in each hemisphere resembled the perforator arteries, 
and their distribution occasionally reached as far as the corona radiata. Approximately 
85–90 % of insular arteries were short and supplied the insular cortex and extreme 
capsule; 10 % was medium sized and also supplied the claustrum and external cap-
sule; 3–5 % of insular arteries were long and supplied the deep structures.  

  Fig. 27    Lateral view of a 
right insula; the pial plan 
of the insular cortex has 
been respected illustrating 
the short insular arteries 
arising from M2 and 
creating a pial network on 
the insula cortex. These 
arteries vascularize only 
the insular cortex and don’t 
penetrate in the subcortical 
white matter.  ST  superior 
trunk,  IT  inferior trunk,  M2  
segment M2 of the MCA, 
*pial network       

STIT

  Fig. 28    Lateral view of a 
right insula showing the 
insular arteries arising 
from M2.  ST  superior 
trunk,  IT  inferior trunk       

 

 

Arteries and Veins of the Sylvian Fissure and Insula: Microsurgical Anatomy



200

    Insular Perforators (Figs.  29 ,  30 ,  31 ,  32 ,  33 ,  34 ,  35 , and  36 ) 

           We described these insular perforators precisely in a very recent publication about 
20 formalin-fi xed cadaver hemispheres [ 2 ]. We named perforators as the long insu-
lar arteries (3–5 % of insular arteries) that extended as far as the corona radiata. 
They were mostly located in the posterior region of the insula; their diameter is 
equal or superior to 0.3 mm and equal to or larger than 0.5 mm in 61.5 % of cases 
(0.5–0.8 mm). The average number of perforators in each hemisphere was 4.55 
(3–11) arising from the superior trunk in 72.5 %, from the inferior trunk in 19.8 %, 
and from the middle trunk (trifurcation) in 7.7 %. These long insular arteries arose 
from M2 in 51.6 %, from the junction M2–M3 in 37.4 %, and from M3 in 11 %. 

 Concerning now the origin of the cortical branches, the long arteries most com-
monly arose from the precentral artery (13.2 %), from the central artery (17.6 %), 
from the anterior parietal artery (26.4 %), and from the posterior parietal artery 
(17.6 %). 

  Fig. 29    Lateral view of a 
posterior half part of a left 
insula showing a 0.5 mm 
caliber insular perforating 
artery penetrating into the 
superior part of the 
posterior long gyrus (*). 
 SLS  superior limiting 
sulcus,  M2  M2 segment of 
the middle cerebral artery, 
 PSG  posterior short gyrus, 
 ALG  anterior long gyrus, 
 PLG  posterior long gyrus       

  Fig. 30    Lateral view of a 
posterior half part of a 
right insula showing an 
insular perforating artery 
penetrating into the 
superior limiting sulcus 
adjacent to the anterior 
long gyrus*.  SLS  superior 
limiting sulcus,  M2  M2 
segment of the middle 
cerebral artery,  PSG  
posterior short gyrus,  ALG  
anterior long gyrus,  PLG  
posterior long gyrus       
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 In one third of the cases, these arteries penetrate in the area of the central insula 
(superior part of the insular posterior short gyrus, superior limiting sulcus (SLS) 
adjacent to the posterior short gyrus, and SLS adjacent to the posterior short sulcus); 
in another third of the cases, they penetrate in the insular long gyri and in the SLS 
adjacent to the insular long gyri; in the last third of the cases, they penetrate in the 
anterior part of the insula. 

  Fig. 31    Photography of a coronal section passing through the posterior limb of the internal cap-
sule. The perforating artery* stops in the lateral part of the corona radiata. It probably supplies the 
external part of the corticospinal tract and the arcuate fasciculus.  M2  M2 segment of the middle 
cerebral artery,  IC  insular cortex,  C  claustrum,  LN  lenticular nucleus,  PLIC  posterior limb of inter-
nal capsule,  CN  caudate nucleus,  LV  lateral ventricle (Delion and Mercier [ 2 ])       

  Fig. 32    Photography of a coronal section passing through the posterior limb of the internal cap-
sule. The perforating artery* penetrates through the lateral part of the corona radiata and stops in 
the middle of the fi bers of the corona radiata. It probably supplies a most important part of the 
corticospinal tract than on the precedent (Fig.  31 ).  M2  M2 segment of the middle cerebral artery, 
 IC  insular cortex,  Th  thalamus,  LN  lenticular nucleus,  PLIC  posterior limb of internal capsule,  CN  
caudate nucleus,  LV  lateral ventricle       
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 The subcortical course of these arteries was orthogonal to the plan of the insula 
and lightly ascending to the lateral ventricular body. They reached the oval center 
of Vieussens. We differentiated three groups of arteries according to their length: 
In 36 % of cases, these arteries ended in the corona radiata or deeper than the fi bers 
of the corona radiata (some of them crossed the fi bers of the corona radiata and 
joined the ependym of the lateral ventricular body). In 27 % of the cases, they 
stopped their course at the lateral aspect of the corona radiata, and in 30 %, they 

  Fig. 33    Photography of a coronal section passing through the knee of the internal capsule. The 
perforating artery* seems to vascularize the totality of the corona radiata. It probably supplies the 
corticonuclear tract.  M2  M2 segment of the middle cerebral artery,  IC  insular cortex,  C  claustrum, 
 LN  lenticular nucleus,  KIC  knee of internal capsule,  CN  caudate nucleus,  LV  lateral ventricle,
 ILS  inferior limiting sulcus (Delion and Mercier [ 2 ])       

  Fig. 34    Photography of a coronal section passing through the posterior limb of the internal cap-
sule, illustrating the subcortical course of a long perforating artery*. It probably supplies the cor-
ticospinal tract.  M2  M2 segment of the middle cerebral artery,  IC  insular cortex,  C  claustrum,  LN  
lenticular nucleus,  PLIC  posterior limb of internal capsule,  CN  caudate nucleus,  LV  lateral ventri-
cle,  CC  corpus callosum (Delion and Mercier [ 2 ])       
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terminated their course between the sagittal plan of the claustrum and the lateral 
fi bers of the corona radiata, corresponding to the area of the arcuate fasciculus. 
According to the anatomic work of Wen [ 33 ] and to our dissection (Fig.  8 ), the 
knee of the internal capsule and also the corticonuclear tract are projected over the 
middle third of the insula which responds to the posterior short gyrus. Considering 
the length, the cortical penetration, and the rotation of the motor fi bers above the 
internal capsule, we believe that the insular perforators penetrating into the supe-
rior part of the posterior short gyrus supply the corticonuclear fi bers of the corona 
radiata in 91 % of cases. 

 According to the same author [ 33 ] and to our dissection (Fig.  8 ), the posterior 
limb of the internal capsule is projected over the long gyri of the insula. Considering 
the length and the cortical penetration of the perforating arteries and the obliqueness 

  Fig. 35    Coronal section illustrating the subcortical course of a large insular perforating artery*. 
This perforating artery went beyond the fi bers of the corona radiata and goes all the way to the 
ependym of the body of the lateral ventricle. It probably supplies the corona radiata and the occipi-
tofrontal tract.  M2  M2 segment of the middle cerebral artery,  LV  lateral ventricle,  IC  insular cortex 
(Delion and Mercier [ 2 ])       

  Fig. 36    Coronal X-ray 
front view. Vascular 
cerebral arterial injection 
with black Indian ink. The 
deep nuclei are colored in 
purple. A long perforator 
reaches the corona radiata 
( black arrowhead )       
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of the precentral gyrus, we think that the perforators penetrating into the superior 
part of the long gyri supply the corticospinal fi bers of the corona radiata in 45 % of 
cases and just the external part of it in 45 %. It means that 90 % of them supply the 
corticospinal tract.   

    Veins 

    Insular Venous Drainage [ 25 ,  31 ] (Figs.  37 ,  38 ,  39 ,  40 , 
 41 ,  42 , and  43 ) 

          The venous anatomic features of the insula are mostly variable and asymmetrical; 
but, classically, the anterior lobe (short gyri) is draining upward to the superfi cial 
sylvian vein, while the posterior lobe (long gyri) and the apex are draining down-
ward to the deep sylvian vein. 

 The superfi cial sylvian vein, the largest vein draining along the posterior ramus 
of the sylvian fi ssure, usually courses on the temporal side, then turns medially at 
the anterior end of the sylvian fi ssure, and empties into the sphenoparietal vein 
in the majority of cases, but also in the cavernous sinus, the sphenopetrosal sinus, or 
the deep sylvian vein. 

 The deep sylvian vein is the predominant vein draining the insula formed by 
the union of insular veins near the limen insulae; it passes medially across the 
anterior perforated substance where it joins the anterior cerebral vein to form the 
fi rst segment of the basal vein [ 12 ] or continues and empties into the sphenopari-
etal sinus.   

SSVF

T

  Fig. 37    Left lateral view of 
a brain hemisphere: the 
superfi cial sylvian vein is 
covered by the outer 
arachnoid membrane.  SSV  
superfi cial sylvian vein, 
 DSV  deep sylvian vein,  F  
frontal lobe,  T  temporal 
lobe.  SSM  superfi cial 
sylvian membrane,  OC  optic 
chiasm,  BV  basal vein.  M1  
fi rst part of the middle 
cerebral artery       
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SSV

ASG
ALG

  Fig. 39    Left lateral view of 
the insular cortex after 
frontal, parietal, and 
temporal opercula removal; 
the insular venous drainage 
is draining upward and 
downward to the superfi cial 
sylvian vein.  SSV  superfi cial 
sylvian vein,  ASG  anterior 
insular short gyrus,  ALG  
anterior insular long gyrus       

OC

T

F

BV

SSV

  Fig. 40    Right inferior 
view of the brain: the 
second part of the basal 
vein is missing. For 
abbreviations, see Fig.  37        

SSV

OM LSM

  Fig. 38    Left lateral view 
after magnifi cation and outer 
membrane removal: the 
superfi cial sylvian vein is 
situated between the 
superfi cial sylvian 
 membrane and the outer 
arachnoid membrane.
 OM  outer arachnoid 
membrane,  LSM  lateral 
sylvian membrane. For 
 abbreviations, see Fig.  37 .       
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  Fig. 43    Left inferior view 
after temporal pole 
removal (same than 42). 
The front is on the top of 
the fi gure, and the left is on 
the right of the fi gure: there 
is an anastomosis between 
the superfi cial and deep 
sylvian veins: **** (For 
abbreviations, see Fig.  37 )       

OC

F

T

SSV

DSV
BV

  Fig. 41    Right inferior view 
of the brain (same as 40) 
after temporal pole removal: 
the deep sylvian vein is 
draining into the superfi cial 
sylvian vein (For abbrevia-
tions, see Fig.  37 )       

OC

F

T

BV

DSV

M1

  Fig. 42    Left inferior view 
after temporal pole 
removal: the deep sylvian 
vein is draining into the 
basal vein (For 
abbreviations, see Fig.  37 )       
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    Cisterns [ 10 ] (Figs.  44 ,  45 ,  46 ,  47 ,  48 , and  49 ) 

         Classically, there are two types of arachnoid membranes: outer and inner; the outer 
arachnoid membrane surrounds the brain and forms a barrier that normally prevents 
the cerebrospinal fl uid from escaping into the subdural space. The subarachnoid 
space, situated between the pia mater and the outer arachnoid membrane, is divided 
by trabeculae, septa, and inner membranes into compartments named cisterns that 
contain cerebrospinal fl uid, arteries, veins, and nerves. 

 The sylvian cistern can be divided into anterior and posterior compartments:

•    The anterior compartment (sphenoidal compartment) extends laterally from the 
origin of the middle cerebral artery to the limen insulae; it is separated medially 
from the carotid cistern by the thin proximal sylvian membrane extended from 
the posterior part of the orbital gyri to the anterior part of the medial surface of 
the uncus. The superior wall is formed by the posterior part of the orbital gyri and 
the lateral part of the anterior perforated substance, while the inferior wall is 
made up of the superior and anterior aspect of the temporal lobe (planum tempo-
rale). The anterior compartment contains the M1 segment, the beginning of M2, 
the lenticulostriate arteries, and some branches arising from Heubner and the 
deep sylvian vein.  

•   The posterior compartment, behind the limen insulae, opens onto the lateral 
cerebral surface and is divided into medial and lateral parts by the intermediate 
sylvian membrane extending between the frontoparietal operculum and the 
medial edge of the superior and transverse temporal gyri; the medial part located 
between the medial part of the opposing surfaces of the frontoparietal and tem-
poral operculae and extending into the insular cleft contains M2 trunks and M3 
branches; the lateral part located in the lateral part of the cleft between the oper-
culae is limited medially by the intermediate sylvian membrane and laterally by 
the lateral sylvian membrane; the superfi cial sylvian veins pass between this 
membrane and the outer arachnoid membrane.    

  Fig. 44    Inferior view of the 
brain covered with 
arachnoid.  OC  optic chiasm, 
 F  frontal lobe,  T  temporal 
lobe,  I  internal carotid artery, 
 M  middle cerebral artery,  A  
anterior choroidal artery,  LS  
lenticulostriate arteries,  P  
proximal sylvian membrane, 
 IS  intermediate sylvian 
membrane       
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OC

I

A

F

T

P

  Fig. 45    Same view with 
magnifi cation (For fi gure 
caption, see Fig.  44 )       

F

T

I

A
OC

M

  Fig. 46    Opening of the 
proximal sylvian membrane 
(For fi gure caption, see 
Fig.  44 )       

I

M

LS
A

F

T

  Fig. 47    Left inferior view 
of the anterior compartment 
of the sylvian cistern 
(For fi gure caption, see 
Fig.  44 )       
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M

LS

F

T

LI

IS

  Fig. 48    Opening of the 
limen insulae (For fi gure 
caption, see Fig.  44 )       

I M LI

IS

F

T

LS

  Fig. 49    Left inferior view 
of the anterior and 
posterior compartments of 
the sylvian cistern.  LI 
 limen insulae (For fi gure 
caption, see Fig.  44 )       

P

F

T

  Fig. 50    Stepwise 
cadaveric right pterional 
approach. Right superfi cial 
view after dura mater 
opening.  F  frontal lobe,  T  
temporal lobe,  OM  outer 
sylvian membrane,  P  
pterion covered with dura 
mater,  LI  limen insulae, 
 DSV  deep sylvian vein       
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P

F

T

OM

  Fig. 51    Opening of the 
outer arachnoid sylvian 
membrane.  T  temporal 
lobe,  F  frontal lobe,  P  
pterion covered by the dura 
mater,  OM  outer arachnoid 
membrane       

P

F

T

  Fig. 52    Visualization of 
M2 and M3 MCA 
segments       

F

T

  Fig. 53    After removal of 
the temporal operculae and 
with magnifi cation, 
visualization of M2 and 
M3 MCA segments.  T  
temporal lobe,  F  frontal 
lobe       

 Pterional approach is the most popular neurosurgical approach to expose the insu-
lar area through the sylvian fi ssure. We present a step-by-step right cadaveric pteri-
onal approach (Figs.  50 ,  51 ,  52 ,  53 ,  54 , and  55 ), and we conclude with the visualization 
of an MCA bifurcation aneurysm on a left cadaveric pterional approach (Fig.  56 ).
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T

F

LI

DSV

  Fig. 54    Visualization of 
the deep sylvian vein 
draining here the temporal 
operculae.  T  temporal lobe, 
F frontal lobe,  LI  limen 
insulae,  DSV  deep sylvian 
vein       

DSV

  Fig. 55    id with 
magnifi cation.  DSV  deep 
sylvian vein       

T

*

ib

sb
°

ssv

ism

  Fig. 56    Cadaveric left 
pterional approach.  T  
temporal lobe, *mca 
bifurcation aneurysm,  sb  
mca superior branch,  ib  
mca inferior branch,  SSV  
superfi cial sylvian vein, ° 
perforator,  ism  intermediate 
sylvian membrane       
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             Discussion 

 In our study, in accordance with Varnavas [ 31 ], Ture [ 26 ], and Afi f [ 1 ], we have redis-
covered the three anatomical constants regarding the vascularization of the insula:

   The superior periinsular sulcus is the only sulcus on the lateral surface of the brain 
without an artery along its axis; the insular arteries cross perpendicular to this 
sulcus toward the suprasylvian structures without entering the sulcal space itself.  

  The superior branch of the MCA supplies the anterior insular pole and both the 
anterior and middle short gyri in 100 % of cases.  

  In at least 90 % of cases, the artery that supplied the central insular sulcus continued 
on to become the central artery.    

 We have found long perforating insular arteries (4.55 per hemisphere whose 
diameter was equal to or larger than 0.3 mm) vascularizing the corona radiata. In the 
literature, Varnavas [ 31 ] described in 24.5 % of specimens a larger perforating artery 
(0.4 mm) at the junction of the superior and inferior limiting sulci, arising from the 
angular artery in 76 % of instances. The destination and purpose of this perforator 
were unknown. Ture [ 26 ] found an average of 9.9 insular arteries in each hemisphere, 
mostly in the posterior insular region, similar to perforating arteries and, for some 
of them, supplying the corona radiata. For Yasargil [ 35 ], when performing a surgery 
in the insular area, there is occasionally a larger diameter perforator (0.2–0.5 mm) 
at the posterosuperior corner of the insula which has been intentionally preserved. 

 According to Wen [ 33 ] and to our study [ 2 ], we think that a perforator lesion at 
the level of the superior part of the posterior short gyrus and at the level of the supe-
rior periinsular sulcus adjacent to the posterior short gyrus can produce an ischemia 
of the corticonuclear fasciculus, while a perforator lesion at the level of the superior 
part of the long gyri and in the superior periinsular sulcus adjacent to the long gyri 
can produce an ischemia of the corticospinal fasciculus. The postoperative perma-
nent defi cit in some patients can easily be explained by a lesion of a long insular per-
forator and not by a lenticulostriate lesion, when the ischemic stroke on MR images 
is located in the corona radiata above the internal capsule (Fig.  57 ). In  insular tumors, 
Yasargil [ 34 ,  36 ] recommended decompressing the tumors and avoiding coagulating 
of M2 and M3 branches at the posterior part of the insula which may sometimes 
supply a single branch vascularizing the lentiform nucleus or the internal capsule.

   We recommend for insular approach that care is taken of every perforating artery 
arising from the M2 segment, from the M3 segment, and from the junction of the 
M2 and M3 segments, especially if they penetrate into the superior part of the pos-
terior short gyrus and into the superior limiting sulcus adjacent and if they penetrate 
into the superior part of the long gyri and the superior limiting sulcus adjacent. 

 Considering the lenticulostriate arteries (LSAs) and the possibility of damage 
during surgery, Moshel [ 17 ] has defi ned two groups:

    1.    Insular gliomas with an MR imaging-defi ned tumor volume located lateral to the 
LSAs on stereotactic angiography displace the LSAs medially by expanding the 
insula, have well-demarcated tumor boundaries on MR images, and can be com-
pletely resected with minimal neurological morbidity.   
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   2.    Insular tumors that appear to surround the LSAs and do not displace these ves-
sels medially are poorly demarcated from normal brain parenchyma on MR 
images and are associated with higher rates of neurological morbidity if aggres-
sive resection is pursued. Saito [ 21 ] has suggested performing a preoperative 
three-dimensional 3 T time of fl ight (TOF) to clearly visualize the LSAs and 
their relationships with the tumor margins.    

a b

c d

  Fig. 57    Photography of an MR scan after temporo insular surgery, showing an ischemic stroke in 
the region of the corona radiata above the internal capsule. ( a ) Axial T1 MRI scan with contrast 
injection, ( b ) coronal T1 MRI scan with contrast injection, ( c ) axial ADC (apparent diffusion coef-
fi cient) MRI scan, and ( d ) axial diffusion MRI scan       
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  Concerning insular surgery, other authors have suggested using the MEPs 
(motor evoked potentials) [ 18 ,  23 ] or the ESM (subcortical electrical stimulation 
mapping) when the tumor invades the posterior lobule (long gyri) [ 6 ,  22 ]. Duffau 
[ 4 ,  5 ] uses an intraoperative electrical stimulation under local anesthesia, associ-
ated with neuronavigation and/or ultrasonography and sometimes a 3D angio-CT 
in the stereotactic image guide system to follow the perforators during surgery. 
Lang, Hentschel, and Vanaclocha [ 8 ,  11 ,  30 ], in addition to the stimulation, use a 
subpial dissection of the tumor with preservation of all large perforating arteries 
arising from posterior M2. We think that direct cortical and subcortical electrical 
stimulation must be used in insular surgery as said by the abovementioned authors, 
but it only allows us to avoid direct injury to the subcortical white matter tract such 
as corticospinal fasciculus.  

    Conclusion 

 A good knowledge of the landmarks in the insular area, associated with the preser-
vation of the LSAs and of the long insular perforators during operative dissection, 
must be considered before performing surgery in the sylvian fi ssure and insula to 
avoid permanents weakness.     

  Confl ict of Interest: None  
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