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ABSTRACT 

Objective: To report a patient’s clinical course illustrative of the NPPB mechanism for hyperperfusion-induced injury. 
Methods: A 65-year-old female presented with a severe headache and was found to have a 6-cm right parietal AVM on 
imaging. The patient underwent staged, pre-operative embolization and the AVM was surgically resected without in- 
tra-operative complication. After the patient emerged from anesthesia she exhibited left hemiplegia and hemispatial 
neglect. Her systolic blood pressure (SBP) at that time was between 110 - 120 mmHg. SBP was reduced to 90 - 100 
mmHg and the patient’s symptoms resolved shortly thereafter. The patient’s strict blood pressure goal was relaxed the 
next morning. However, with her SBP 110 - 120 mmHg in the ensuing hours, the patient’s left-sided neglect and hemi- 
paresis returned. Her SBP was reduced again to 90 - 100 mmHg, leading to resolution of her symptoms. Results: This 
patient’s clinical course supports the NPPB theory of hyperperfusion-induced injury. Despite CT imaging demonstrat- 
ing no residual AVM following resection, the patient developed neurological deficits in the immediate postoperative 
period. Aggressive systemic hypotension improved clinical symptoms repeatedly, whereas a brief period of normoten- 
sion triggered a return of neurological deficits. As a result, there was a direct correlation between fluctuations of neuro- 
logical status and SBP. This case suggests that the intrinsic autoregulatory capacity was altered in our patient, and that 
aggressive hypotension was necessary to compensate for diminished autonomic reactivity. Conclusions: This case pro- 
vides further evidence that NPPB plays a role in hyperperfusion-induced injury following AVM excision and that blood 
pressure control is vital in managing hyperemic complications following complete resection of cerebral AVMs. 
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Breakthrough 

1. Introduction 

Arteriovenous malformations (AVMs) are high-flow vas- 
cular shunts between arteries and veins that lack an in- 
tervening capillary bed. These lesions carry an inherent 
risk of spontaneous bleeding, with the natural incidence 
of hemorrhage reportedly 3% - 4% per year [1-3]. De- 
spite advances in microsurgical techniques and periope- 
rative care, surgical resection of cerebral AVMs carries 
an estimated risk of morbidity ranging from 12% to 20%, 
and a risk of mortality ranging from 1% to 4% [4-7]. 
AVM obliteration normalizes the cerebral perfusion pres- 
sure of previously hypotensive vasculature, predisposing 
the surrounding environment to complications such as 
edema and hemorrhage [7-10]. 

There is currently an ongoing discussion regarding the 

underlying pathophysiologic mechanism behind cere- 
brovascular complications following AVM obliteration. 
Normal perfusion pressure breakthrough (NPPB) was 
initially proposed by Spetzler et al. in 1978 to explain the 
presence of hemodynamic alterations upon restoration of 
normal tissue perfusion following AVM ablation [8]. 
Spetzler et al. suggested that hypoperfusion could induce 
local vessels surrounding the nidus to chronically dilate 
and predispose the vascular territory to vasomotor pa- 
ralysis. Upon restoration of normal perfusion following 
AVM resection, NPPB postulates that an impaired auto- 
regulatory capacity may then be unable to compensate 
for increases in arterial flow and ultimately cause hy- 
peremia, edema, or intracerebral hemorrhage [8]. 

Although empirical evidence supports the existence of 
autoregulatory dysfunction adjacent to the AVM nidus, 
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further studies have demonstrated that complications 
often occur in the absence of vasomotor paralysis. Young 
et al. demonstrated that CO2 reactivity remained intact 
following AVM resection, and later determined cerebral 
blood flow could remain stable following pharmacologi- 
cally induced increases in mean arterial pressure [11,12]. 
Debate remains on the significance of NPPB in the set- 
ting of hyperemic complications, and other mechanisms 
such as incomplete nidus obliteration [13], occlusive 
hyperemia [9,14], and increased capillary density [15,16] 
have been implicated as contributing factors. 

We present a patient that developed left hemiplegia 
and hemispatial neglect after staged embolization and 
excision of an AVM that responded repeatedly to sys- 
temic hypotension. Postoperative imaging demonstrated 
cerebral edema without evidence of ischemic infarction, 
residual AVM or hemorrhage. This patient’s clinical course 
supports the NPPB mechanism for hyperemic complica- 
tions following AVM resection. 

2. Case Report 

A 65-year-old left handed female with chronic headaches 
presented with a severe right-sided headache that devel- 
oped gradually over one week. She was neurologically 
intact on examination. MR imaging and digital subtrac- 
tion angiography (DSA) demonstrated a 6-cm right pa- 
rietal AVM classified as a Spetzler-Martin grade 3 
(Spetzler and Martin 1986). Arterial feeders were most 
prominent from the right posterior cerebral artery but 
were also noted from the right anterior and middle cere- 
bral arteries, as well as the superficial temporal artery 
(Figures 1 and 2). There was also involvement of the left 
anterior cerebral artery (ACA). Imaging demonstrated 
large, dilated venous drainage in the right parietal region 
that was primarily superficial without evidence of sig- 
nificant deep venous drainage. 

The patient underwent staged, pre-operative emboliza- 
tion to reduce flow to the nidus. Uncomplicated tran- 
scatheter Onyx Liquid Embolic System (Covidien-ev3; 
Plymouth, MN) embolization of a medial posterior cere- 
bral feeding artery was performed, followed one week 
later by Onyx embolization of feeders from the right 
ACA. After the second embolization, postoperative an- 
giography demonstrated residual feeding vasculature off 
the middle cerebral artery in addition to persistent deep 
feeders from the PCA (Figures 3 and 4). The patient 
remained at her neurologic baseline following all em- 
bolizations. 

The following day the AVM was surgically resected 
via a right interhemispheric approach without intra-op- 
erative event or complication. No fixed retractors were 
used during the procedure, and only gentle retraction was 
applied to the adjacent hemisphere to minimize the po- 
tential for retraction-induced injury. Intra-operative ex-  

 

Figure 1. MRI of the brain at presentation demonstrating 
the right parietal AVM with large posterior draining veins. 

 

  

Figure 2. Lateral digital subtraction angiography after right 
vertebral artery injection (left panel) and right internal 
carotid artery injection (right panel) demonstrating promi- 
nent right PCA, MCA and ACA feeding vessels. 

 
amination revealed no evidence of hemorrhage or brain 
injury. Intra-operative DSA demonstrated no evidence of 
residual AVM or abnormal residual arteriovenous shunt- 
ing. These findings were consistent with complete AVM 
resection.  

The patient was then emerged from anesthesia in 
standard fashion with an effort to maintain blood pres- 
sure at 120 mmHg or below. On a delayed post-operative 
neurological examination, she exhibited 0/5 strength in 
her left lower extremity with a left hemispatial neglect. 
Otherwise she was awake and oriented with full strength 
on her right side. Her systolic blood pressure at that time 
was between 110 and 120 mmHg. Emergent noncontrast 
CT imaging revealed pneumocephalus and bilateral he- 
misphere edema without evidence of acute hemorrhage 
(Figure 5). The patient was administered mannitol and 
hypertonic saline and initiated on dexamethasone. Sys- 
tolic blood pressure was then reduced pharmacologically 
to 90 - 100 mmHg with a labetalol infusion, and the pa- 
tient’s symptoms subsequently resolved shortly thereafter. 
Given that her neurologic examination had improved, the 
patient’s strict blood pressure goal was relaxed the next 
morning and she was once again allowed to have systolic 
blood pressures at or below 120 mmHg.  
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Figure 3. Post-Onyx-embolization CT of the brain demon- 
strating the Onyx cast. 

 

 

Figure 4. Post-embolization lateral DSA showing Onyx casts 
within the right PCA feeding vessels (arrows) with reduced 
flow into the AVM. 

 

 

Figure 5. Post-resection non-contrast head CT demonstrat-
ing cerebral edema at the resection site as well as pneumo-
cephalus. No hemorrhage is visualized. 

 
However, with her systolic blood pressure 110 - 120 

mmHg in the ensuing hours the patient’s left-sided ne- 
glect and hemiparesis had returned. Her systolic blood 
pressure was then reduced again to 90 - 100 mmHg 
leading to resolution of her hemiparesis and neglect. Af- 
ter remaining stable over the next few days at systolic 

pressures less than 100 mmHg, her blood pressure pa- 
rameters were slowly weaned and her neurologic exami- 
nation remained stable. At the end of her hospital stay, 
her left-sided hemineglect had improved and her left up- 
per and lower extremities exhibited 4+/5 strength. She 
was discharged to rehabilitation in stable condition. 

On her return follow-up visit, the patient remained 
neurologically stable without recurrence of her left-sided 
symptoms. Her post-operative course was complicated 
by a craniotomy infection requiring wound washout and 
antibiotic administration. Post-operative DSA and recent 
follow-up CT angiography demonstrated complete re- 
moval of her AVM (Figures 6 and 7). She is now 2 years 
out from her surgery and remains neurologically intact 
except for a very mild neglect. Her functional status is 
excellent. 

3. Discussion 

The present case illustrates hyperperfusion as a causative 
etiology of neurologic deficit following excision of an 
AVM and the important role of blood pressure control in 
ameliorating this phenomenon. Previous studies have 
demonstrated that staged embolization preceding oblit- 
eration can minimize the risk of hyperperfusion injury, 
while the presence of residual AVM can be a significant 
contributing factor [14,17,18]. However, hyperemic com-  
 

  

Figure 6. Post-resection, late-arterial phase DSA after right 
vertebral artery injection (left panel) and right internal 
carotid artery injection (right panel) demonstrating no fur- 
ther filling of the AVM. 
 

 

Figure 7. Sagittal CTA of the brain demonstrating Onyx 
cast and absence of contrast filling of the AVM. 
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plications still occurred in this patient after two-stage 
embolization and complete resection. 

There have been several mechanisms proposed to ex- 
plain hyperemic complications in the setting of complete 
resection, and the phenomenon of normal perfusion 
pressure breakthrough has been debated since its intro- 
duction in 1978. As previously outlined, the NPPB hy- 
pothesis suggests that AVMs may predispose the sur- 
rounding vasculature to vasomotor paralysis and poten- 
tially lead to cerebral edema or hemorrhage following 
resection. Support for this theory includes single photon 
emission computed tomography (SPECT) evidence de- 
monstrating diminished vasoreactivity to acetazolamide 
in AVM patients and reports of decreased CO2 reactivity 
in local vasculature during resection [19,20]. These stud- 
ies further indicated that patients with decreased vasore- 
activity were at increased risk for developing complica- 
tions arising from normal perfusion pressure break- 
through. 

Despite empirical evidence supporting the existence of 
autoregulatory dysfunction, there is still controversy at- 
tributing hyperemic complications to vasomotor paralysis. 
Many studies have shown that the majority of postopera- 
tive patients demonstrate adequate autoregulatory capac- 
ity after AVM resection [10,19,21,22]. Young et al. 
demonstrated that increasing systemic arterial pressure 
after complete obliteration did not further elevate cere- 
bral perfusion pressure, even in patients with hyperemic 
complications [12,21]. Meyer and coworkers then meas- 
ured cortical oxygen saturation surrounding AVMs be- 
fore and after resection and reproduced the findings of 
Young et al., showing once again that diminished auto- 
nomic reactivity was not responsible for deterioration in 
their patient population [23]. Although these reports sug- 
gest most patients demonstrate appropriate autoregula- 
tion, it is unclear how often NPPB plays a role in hy- 
peremic complications based on these studies. According 
to Young et al., only 2 patients out of 25 developed 
cerebral swelling or hemorrhage, and it is unclear if im- 
paired vasoreactivity were even at play in these individu- 
als.  

As a result of conflicting evidence surrounding the 
NPPB hypothesis, other theories have been developed to 
explain hyperperfusion-induced complications. Occlu- 
sive hyperemia is an alternative mechanism potentially 
explaining cerebral edema and hemorrhage following 
AVM resection. This theory suggests that venous out- 
flow obstruction and stagnant arterial flow adjacent to 
the AVM are the primary cause of hyperperfusion injury 
following complete removal of the nidus [9,14]. Several 
studies have provided evidence consistent with this hy- 
pothesis. Al-Rodhan and colleagues, who were the first 
to propose occlusive hyperemia, reported that 74% of 
patients with hyperemic complications following com- 

plete resection showed impairment of venous drainage on 
imaging [14]. Schaller et al. later reported that patients 
with preserved draining veins following ablation did not 
experience hyperemic complications in their data set, 
whereas patients developing hyperperfusion injury all 
had obliterated draining veins [24]. 

While NPPB and occlusive hyperemia offer different 
mechanisms to explain hyperemic complications, these 
models may not be contradictory. Instead, they may be a 
manifestation of a continuum of vascular compromise 
within the neurovascular architecture after AVM oblit- 
eration [25]. In addition, it has also been reported that 
perinidal capillaries in both animal and human models 
lack adequate astrocyte foot processes and basement 
membranes. This abnormal vascular territory may cause 
a disruption of the blood-brain barrier that ultimately 
contributes to edema and hemorrhage after AVM abla- 
tion [15,16]. Furthermore, residual AVM following exci- 
sion and accidental lesions of surrounding vessels have 
also been shown to contribute to hyperemic complica- 
tions [12,13]. In light of these findings, it is possible that 
a combination of neurovascular and hemodynamic events 
can predispose patients to hyperemic complications, fur- 
ther fueling the debate over the underlying cause of hy- 
perperfusion-induced injury. 

We believe that the clinical course of our patient sup- 
ports the NPPB theory of hyperperfusion-induced injury. 
Despite imaging demonstrating there was no residual 
AVM following resection, the patient developed neuro- 
logical deficits in the immediate postoperative period. 
Aggressive systemic hypotension then improved clinical 
symptoms repeatedly, while a brief period of normoten- 
sion triggered a return of neurological deficits. As a re- 
sult, there was a direct correlation between improvement 
and degradation of neurological status in relation to arte- 
rial pressure. This case suggests that the intrinsic auto- 
regulatory capacity was altered in our patient, and that 
aggressive hypotension was necessary to compensate for 
diminished autonomic reactivity.  

Hyperperfusion injury has been reported as a compli- 
cating factor after other vascular interventions as well. 
Following carotid endarterectomy, cerebral blood flow 
can increase above basal levels to produce the same hy- 
peremic complications seen after AVM removal [26]. In 
the setting of hyperperfusion following both AVM resec- 
tion and carotid endarterectomy, several imaging modali- 
ties, such as perfusion computed tomography (CT), have 
been used to evaluate cerebral blood flow. Perfusion CT 
is an effective imaging technique that provides rapid in- 
formation on hemodynamic alterations. By comparing 
regional cerebral blood flow (rCBF), mean transit time 
(MTT), and time to peak (TTP), areas of altered perfu- 
sion can be identified [27,28].  

Using CT perfusion imaging, Chang et al. demon- 
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strated that hyperperfusion injury could be accurately 
identified after carotid endarterectomy by observing dif- 
ferences in rCBF and TTP [29]. Recently, Vasquez et al. 
used CT perfusion to show decreased MTT in a patient 
with cerebral hyperperfusion syndrome, which resolved 
with the patient’s symptoms following blood pressure 
reduction [28]. One limitation of our report is that CT 
perfusion was not obtained during the evolution of the 
patient’s neurological deficits because a reduction in 
blood pressure repeatedly resulted in symptomatic im- 
provement.  

Over the last 40 years, studies have suggested various 
techniques to reduce the incidence of edema and hemor- 
rhage after AVM obliteration [18,30,31]. Staged emboli- 
zation of large AVMs, proximal arterial feeder ligation, 
and systemic hypotension have all been proposed to limit 
hyperperfusion injury [13,17,18]. Generally, these pro- 
tocols attempt to lower the potentially harmful elevated 
pressure in arterial feeders following partial nidus resec- 
tion [13]. However, this case is unique because the pa- 
tient had neurologic deficits clearly related to blood 
pressure immediately following resection of the AVM 
without evidence of residual AVM or hemorrhage. In 
addition, it provides a direct temporal relationship that 
illustrates the cause and effect association between hy- 
perperfusion and induced systemic hypotension with 
resolution of neurological symptoms. This case adds to 
the growing literature that concludes strict blood pressure 
control can be useful in the setting of complete AVM 
obliteration [7,13,32].  

4. Conclusion 

Hyperperfusion complications after AVM resection are 
poorly understood. We present a patient that developed 
cerebral edema and neurological deficits after AVM re- 
section that responded repeatedly to aggressive systemic 
hypotension. This case provides further evidence that 
normal perfusion pressure breakthrough plays a role in 
hyperperfusion-induced injury following AVM excision, 
and that blood pressure control can be vital in managing 
hyperemic complications following complete resection of 
cerebral AVMs.  
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