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Abstract

Touch and other types of patient stimulation are necessary in critical care and generally 

presumed to be beneficial. Recent pre-clinical studies as well as randomized trials assessing 

early mobilization have challenged the safety of such routine practices in patients with acute 

neurological injury such as stroke. We sought to determine if patient stimulation could result 

in spreading depolarization (SD), a dramatic pathophysiological event that likely contributes 

to metabolic stress and ischemic expansion in such patients. Patients undergoing surgical 

intervention for severe acute neurological injuries (stroke, aneurysm rupture, or trauma) were 

prospectively consented and enrolled in an observational study monitoring SD with implanted 

subdural electrodes. Subjects also underwent simultaneous video recordings (from continuous 

EEG monitoring) to assess for physical touch and other forms of patient stimulation (such 

as suctioning and positioning). The association of patient stimulation with subsequent SD 

was assessed. Increased frequency of patient stimulation was associated with increased risk 

of SD (OR=4.39 [95%CI= 1.71-11.24]). The overall risk of SD was also increased in the 60 

minutes following patient stimulation compared to times with no stimulation (OR=1.19 [95%CI= 
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1.13-1.26]), though not all subjects demonstrated this effect individually. Positioning of the subject 

was the subtype of stimulation with the strongest overall effect on SD (OR= 4.92 [95%CI= 

3.74-6.47]). We conclude that in patients with some acute neurological injuries, touch and other 

patient stimulation can induce SD (PS-SD), potentially increasing the risk of metabolic and 

ischemic stress. PS-SD may represent an underlying mechanism for observed increased risk of 

early mobilization in such patients.
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INTRODUCTION

The role of therapeutic touch in medicine is one that is both increasingly supported by 

evidence of objective benefit[1] and is central to providing humanistic care to suffering 

patients. As medicine becomes increasingly holistic, patients are appropriately seen as part 

of their social network and as individuals rather than as a “manifestation of disease”. 

This has led to improved understanding of the importance of family presence and human 

interactions, particularly during times of severe illness. Specifically, controlled trials have 

increasingly demonstrated benefits of family presence[2] as well as early mobilization 

in intensive care unit (ICU) patients[3] across a variety of conditions by decreasing 

complications related to immobility. It is within this context that cautionary observations 

both from pre-clinical work[4] and clinical trials in patients with acute neurological 

injuries[5] suggest that some patients may actually be harmed by these interactions.

While tactile stimulation has been proposed to potentially represent a therapeutic strategy 

in ischemic stroke by increasing collateral circulation to the brain[6], such an approach 

may in fact be harmful under some circumstances where spreading depolarization 

(SD) is induced[7]. Spreading depolarization is a massive, slow-moving wave of brain 

depolarization, resulting in transient loss of neuronal signaling and depression of normal 

high frequency activity[8,9]. In stroke and other neurological injuries, SDs occur in 

repeated, cycling patterns around an ischemic core and can be accompanied by waves of 

spreading ischemia. SD is strongly implicated in exacerbation of metabolic stress, edema, 

and infarction in vulnerable penumbral tissue[10,11]. In a recent pre-clinical study of middle 

cerebral artery (MCA) stroke[4], limb somatosensory stimulation resulted in additional SDs, 

which in turn were linked to infarct expansion. In that model, SDs were initiated only 

when the stimulated cortical brain region was in vulnerable penumbra adjacent to the infarct 

core. No such effect of excess SD was observed when the stimulated region was in the 

ischemic core itself or in normally perfused brain[4]. The fact that additional SDs induced 

by peripheral touching were associated with increased injury in mice raises the question of 

whether similar effects occur in clinical settings.

It is noteworthy that a recent randomized controlled trial (RCT) of very early mobilization 

after hemorrhagic and ischemic stroke reported the surprising finding of significantly 

decreased risk of good outcomes in patients randomized to mobilization within 24 hours 
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compared to standard care[12]. Even more concerningly, those randomized to very early 

mobilization demonstrated increased risk of stroke expansion[13]. Possible explanations for 

these effects included impaired autoregulation[14], making patients tired and slumping in 

their chairs[14], orthostatic hypotension[15], and upward head position[16]. These may be 

plausible contributors, however the above mentioned pre-clinical work strongly suggests that 

induced SD due to patient stimulation may in fact be a prominent underlying mechanism.

In the present study, we sought to determine if routine patient stimulation early after acute 

neurological injuries could result in induced SD. We present an exemplary case, illustrating 

this plausible connection. We then assess the association of more frequent stimulation 

with SD in a larger group of subjects with various acute neurological injuries. Finally, 

we assess the temporal priority of stimulation with subsequent SD. These data, coupled 

with published mechanistic plausibility[4] assess the key causality factors regarding whether 

patient stimulation can induce SD (PS-SD). Our observations could serve as a possible 

mechanistic explanation for the findings of worse outcomes with mobilization and suggest 

new targeted therapeutic approaches such as limiting stimulation during SD vulnerable 

times.

RESULTS

Exemplary case with clinical stimulation increasing the risk of subsequent SD

A 29-year-old female presented with a left carotid occlusion related to cervical dissection 

with an NIH stroke scale score of 22. IV rt-PA was administered at 3h30min from last know 

well (LKW). She was then taken for mechanical thrombectomy which was complicated 

due to need for multiple stent-retriever passes and cervical stent placement. A TICI 

(thrombolysis in cerebral infarction) 2b revascularization was achieved at 5h39min from 

LKW. She nonetheless still developed a large area of infarct in the left hemisphere with early 

signs of herniation and so a decompressive craniectomy was performed. She was enrolled 

in the current study (UNM HRPO 10-159), allowing for intra-operative placement of a 

subdural electricorticography (ECoG) recording electrode in a cortical region adjacent to the 

infarct core. She remained minimally responsive with a poor neurological exam and so was 

monitored with continuous EEG. Per protocol, the ECoG data were not reviewed for SD 

during the monitoring time, but was used to guide seizure management. The electrode strip 

was removed at bedside after approximately 5 days of monitoring when the neurological 

examination began to improve. She was eventually discharged to inpatient rehabilitation. 

Her 90-day modified Rankin Scale (mRS) was 4 with residual hemiparesis and aphasia. At 

2 years, her mRS had improved to 3 with mild residual aphasia and significant hemiparesis, 

but is ambulatory and able to take care of her own affairs.

Review of ECoG data revealed that 40 recurrent SDs were detected by the electrode 

strip during the acute post-operative days (Fig 1A). A significant, repeating association 

of standard clinical stimulation and SD was noted, with an approximately 9-minute latency 

between stimulation and SD (Fig. 1B). We used logistic regression to estimate the risk 

of SD after clinical stimulation. For each minute, we found that stimulation significantly 

increased the odds of SD being measured 9 minutes later (OR= 2.85, 95% CI= 1.5-5.37, 

5536 observations) (Fig 1C). Manual ECoG review indicated that the first measurement site 
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of SD consistently occurred in electrode lead 6 (Fig 1A). Using the known propagation rate 

of SD as ~3mm/min[17,18], we sought to determine if a potential initiation site would be 

in regions that would be activated by patient stimulation. A rough estimate of the distance 

traveled by SD in 9 minutes would thus be 27mm and this distance was mapped onto a fused 

image of the CT demonstrating the electrode strip location with the pre-operative MRI, 

demonstrating the anatomical location (Fig 1D). We recognize that this does not consider the 

complex gyriform geometry of the cortex, so serves only as a rough estimate which could 

overestimate the linear distance. However, this plausible region of initiation very reasonably 

includes both the sensory cortex, motor cortex, and supplemental motor area (SMA). This 

is particularly relevant in that SMA is known to have bilateral input[19] and would be 

expected to be activated during many types of patient stimulation. The SMA is represented 

in a relatively large cortical region anterior to the motor cortex, so even if the proposed 

initiation site is closer to the electrode due to complex SD propagation patterns, it would still 

be within the SMA.

We then sought to determine if it would be expected that this proposed initiation sone 

would be anatomically located within vulnerable penumbra. The diffusion weighted MRI 

was therefore fused with the post-operative CT, demonstrating that the edge of the core 

infarct was extending into the anterior part of the SMA, strongly suggesting that this region 

would be vulnerable penumbra. Finally, infarct volume was measured using semi-automated 

segmentation[20] segmentation between the initial MRI and the CT one week later after 

removal of the recording electrode. There was a marked increase in final infarct volume, 

nearly doubling (244cc to 416cc) (Fig 1D).

This case illustrates all of the core principles of our hypothesis that patient stimulation 

may induce SD due to cortical activation in vulnerable penumbra. In turn, these recurrent 

SD would be expected, based on previous data[4,9] to cause ongoing metabolic stress in 

compromised tissue, leading to infarct expansion (Fig. 2). We sought to rigorously test 

this hypothesis across a larger group of patients with stroke and brain injury in order to 

determine if these associations and temporal relationships between stimulation and SD are 

generalizable.

Demographics and scoring reliability

Recordings and analyses were made from 13 subjects: 2 with malignant 

hemispheric stroke (MHS), 8 with aneurysmal subarachnoid hemorrhage (aSAH), and 3 

with severe TBI. Five additional subjects had complete data sets (scored SD and video data), 

however these did not have overlapping times of video and ECoG data that contained more 

than 1 SD. Subject demographics and outcomes are summarized in Table 1. All subjects had 

>48h of recordings with both ECoG and video recordings. Total SD counts in individual 

subjects ranged from 2-103. Interobserver reliability testing for stimulation scoring on video 

(any stim versus no stim) between two independent reviewers demonstrated a median Kappa 

statistic of 0.78 across included subjects (standard deviation= 0.06, range= 0.70-0.92).
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Association of SD with increased stimulation frequency

Descriptive analysis: Comparing the frequency distribution between 60-minute bins 

containing SD versus those without SD demonstrates a significant shift toward more patient 

stimulation in bins with more SD (Fig. 3). In Fig. 3A, this rightward shift in the frequency 

distribution of bins containing SD primarily emphasizes the lower proportion of bins with 

very low frequency of patient stimulation (0 or 1) in bins with SD compared to bins without 

SD (Kolmogorov-Smirnov test p=0.0010). In order to assess if this difference was limited 

to a shift in low frequencies of stimulation, we also displayed the relative frequency of bins 

across the distribution of touch frequencies (Fig. 3B). This display emphasizes that there are 

more bins with SD with higher touch frequency. Note specifically that the SD bins (blue) 

have a larger relative frequency for nearly every touch number >5 compared to No SD bins 

(orange) (Fig. 3B).

Inferential analysis: To assess for a possible “dose dependent” effect of patient 

stimulation, we assessed the odds of SD with increasing stimulation frequency (up to 

30) in 60-minute bins. Very high frequencies of stimulation were uncommon (as can 

be seen in Fig.3), so only values up to 30/hour were assessed. Given that we used a 

one-minute sampling unit for stimulation scoring, this would correspond to 30 minutes with 

stimulation in a given one hour bin. The effect of increased stimulation frequency in these 

non-overlapping 60-minute bins was significantly associated with an increased risk of SD 

with increasing stimulation frequency (Fig. 4). This risk increased up to a maximum at 

16-20 stimulation per hour and remained stable up to 26-30 stimulation per hour. Increasing 

stimulation was associated with increased risk of SD, particularly in the range of 6-10 

stimulation/hour compared to 16-20 stimulation/hour. Data represent pooled analysis across 

subjects using logistic regression with mixed effect modeling.

Patient stimulation precedes SD

Having established 1) an empirical association between stimulation and SD (Figs. 3 and 4) 

and 2) a biologically plausible mechanism(Fig. 2 and Reference [4]), we now sought to test 

the temporal priority of the independent variable (stimulation) in order to support or refute 

a causal relationship[21,22]. As discussed above (Fig. 1), an important consideration is the 

slow propagation rate of SD (~3mm/minute[18,17]) and thus the recording electrode may be 

remote from the initiation site. It would therefore be expected that if stimulation caused SD 

initiation, that there would be a patient specific, but internally consistent latency of several 

minutes between stimulation and SD detection.

Descriptive analysis: First, we assessed for this temporal relationship on an individual 

patient basis, since location of injury (and relationship to recording strip) varies among 

the 13 subjects. Our hypothesis was that patient stimulation would be associated with 

subsequent SD. In order to test this time dependency, we performed correlation analysis 

after introducing negative “lag” across the entire data stream for each subject. This allowed 

assessment of a possible latency time to detection of SD if the initiation location was 

remote from the monitoring electrode (i.e. “correcting” for the slow travel time between 

SD initiation and measurement, as shown in Fig. 2). Positive lag serves as an internal 

control to test the null (and biologically implausible) hypothesis that SD would be associated 
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with subsequent patient stimulation. We noted robust effects of patient stimulation with 

subsequent SD, including in subject MHS1at maximum 9 minutes of lag (also shown 

graphically in Fig. 1B) and SAH3 at 1 minute of lag (Fig 5A). On pooled analysis, we 

noted overall increased correlation of stimulation and SD for up to 50 minutes prior to SD, 

with no similar increased association with shift with positive (control) lag (Fig. 5B). Such a 

duration would correlate to a propagation distance of up to 15cm, which is consistent with 

SD observed in previous clinical studies[23,24].

Inferential analysis: To further assess the temporal priority of patient stimulation on 

the risk of subsequent SD, the odds of SD in the 60 minutes following stimulation was 

assessed in each subject and overall (Fig. 6). Overall, in grouped analysis using mixed 

effect modeling, there was a significantly increased risk of SD after stimulation (OR=1.19, 

95% CI= 1.13-1.26). Most subjects demonstrated a positive association of stimulation with 

subsequent SD. Two notable exceptions were subject MHS2 and SAH7 where a possible 

inhibitory effect of stimulation on subsequent SD was noted. The implications of these 

observations are discussed below (Discusion).

Effects of type of stimulation on SD

In order to assess whether different subtypes of patient stimulation had different magnitudes 

of effect, we repeated a similar assessment as above, focusing only on individual types 

of stimulation. See Table 2 for summary of different stimulation types. “Positioning” (e.g. 

turning, boosting up in bed, changing to sitting position, etc.) exerted the strongest effect 

on risk of subsequent SD with an OR of 4.92 (95%CI=3.74-6.47). “Light touch” (e.g. 

isolated hand holding, etc.) also demonstrated a significant effect with an OR of 1.59 (95% 

CI= 1.46-1.74). “Suctioning” trended in the same direction with an OR of 1.68 (95% CI= 

0.28-10.06) but was not significant due to wide confidence intervals, possibly due to the 

lower number of observations of this type of patient interaction. Finally, we wanted to 

determine if there was a different effect of contralateral versus ipsilateral isolated light 

touch. While both were significantly associated with SD, surprisingly the effect of ipsilateral 

touch was stronger than contralateral touch (respectively OR= 1.98, 95% CI=1.76- 2.23 

and OR=1.28, 95%CI= 1.12-1.46). The reason for this result is unclear, but it is possible 

that if more proximal signaling pathways are interrupted by stroke then the direct sensory 

pathways would not be in continuity to the cortex. Contralateral cortical stimulation with 

cross-hemispheric signaling through the SMA or other association areas could therefore 

be the mechanism for the significant effect of ipsilateral touch inducing SD. Overall the 

prominent effect of positioning, however, is the most notable finding in this analysis, as this 

would be the type of stimulation most closely related to “mobilization” as practiced in the 

AVERT II clinical trial[12].

DISCUSSION

Our results show that in subjects with acute neurological injuries who require craniotomy, 

touch and other physical stimulation is associated with increased risk of subsequent 

SD. Our data also support a causal relationship of PS-SD based on accepted criteria 

for causal inference[21,22], most prominently, 1) association, 2) time dependency, and 
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3) a biologically plausible mechanism. Our observations provide the first test in human 

subjects of a hypothesis proposed from a preclinical study in mice[4] and provides strong 

mechanistic observational data to question the safety of aggressive early stimulation and 

mobilization practices in specific patient populations with acute neurological injuries. 

Further, our observations are consistent with SD as a mechanism of delayed ischemia 

which has been well established in pre-clinical models[4,25,9]. In addition, RCTs of very 

early mobilization suggest that such practices can result in worse neurological outcomes 

and larger infarct burden [5,13,12]. For these reasons, we agree with a recent systematic 

review[5] arguing for caution with early aggressive stimulation in patients with severe acute 

neurological injuries at risk of ischemia, until the safety of such practices can be better 

established.

The proximate mechanism of SD initiation in PS-SD is presumed to be related to 

supply-demand mismatch[4]. Specifically, when focal regions with impaired metabolic 

reserve (such as ischemic penumbra) are subjected to the increased demand of cortical 

activation with stimulation, the expected local vasodilatory response is absent[26,4]. 

Similarly hyperthermia (which also results in increased metabolic demand) has also been 

associated with increased risk of SD[27]. In addition to metabolic compromise and impaired 

neurovascular coupling, other factors such as local blood brain barrier disruption[28] and 

decreased levels of nitric oxide [29] may also lower the threshold for initiation of SD[28].

Some hypotheses can be generated regarding which patients may be most at risk for PS-SD 

based on mechanisms and patterns of SD in pre-clinical and clinical studies. SD has been 

detected nearly universally after acute ischemic stroke, in the majority of severe aneurysmal 

subarachnoid hemorrhage patients, and in around half of intracerebral hemorrhage and 

traumatic brain injury patients[30,9]. Some degree of tissue damage or stroke is probably 

a prerequisite for SD in these cases[31]. The time course of SD is particularly important, 

with an initial spike in the frequency of SD typically occurring at the time of injury followed 

by a delayed secondary peak occurring over days to weeks[32,33]. Previous studies have 

suggested that this represents a secondary phase where therapeutic intervention targeting 

SD may be of benefit[33], however our data supports the possibility that this may also 

represent a secondary vulnerable period to PS-SD in patients with ongoing regions of 

penumbra or compromised brain. Clinically, such delayed injury phases correlate well 

with the swelling noted after large ischemic strokes[34], edema progression after TBI 

and ICH[35], and “vasospasm” or delayed cerebral ischemia observed after aneurysmal 

subarachnoid hemorrhage[36]. All of these phenomena may plausibly be explained by the 

effects of recurrent SD[37]. In our analyses, we identified example subjects with each of 

these injury types with PS-SD, suggesting that this phenomenon is not limited to ischemic 

stroke.

The type and degree of stimulation also deserves consideration. While the preclinical study 

by Von Bornstadt[4] provides a model emphasizing a narrow window of ischemia being the 

key determinant of SD generation, we suggest that the clinical relevance of this is much 

more complicated. While some cortical regions such as the somatosensory or calcarine 

cortex have been proposed as more vulnerable to SD based on the neuronal density[38], 

in ischemia, it is plausible that any region with the appropriate supply-demand mismatch 
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of ischemia and excitation could be at risk of PS-SD. We illustrate this in an exemplary 

patient who may have had sensorimotor stimulation within a known ischemic region with 

appropriate latency to SD detection with a possible SMA or sensorimotor initiation site. 

In addition, if visual, auditory, or other association regions are stimulated and have an 

appropriate degree of ischemia, it is possible that SD may be induced in other regions 

as well. This could have implications for common clinical activities such as pupillary 

light reflex examination, television, neurologic assessment and other non-tactile stimuli. 

Supporting this hypothesis, we found that patient positioning was the most robust subtype of 

patient interaction we assessed, which would be expected to be a more prolonged and diffuse 

cortical activation compared to isolated light touch given that such interventions typically 

involve stimulation over at least many minutes. Ischemia in aSAH and TBI patients can 

occur in patchy and variable regions, and thus we were not able to directly hypothesize a 

potential cortical stimulation site within an ischemic region (as the in the case in Fig.1), 

however we identified significant associations of stimulation and SD in more than half of 

our aSAH and TBI subjects.

While these data appear consistent with a hypothesized pre-clinical physiology and separate 

clinical trials which failed to demonstrate safety of very early mobilization, there are 

limitations to our study. SD was only assessed in a small cortical region at the site of 

the electrode strip and so it is possible that additional unmeasured PS-SD or stronger 

associations could be present in some subjects. We also did not have a method to assess 

for regional areas of ischemia or changes in ischemic risk over the observation time (such 

as development of DCI in aSAH). Further studies with perfusion imaging or focal probes 

in high-risk regions may be of benefit. The type of stimulation we observed may also under-

estimate true stimulation occurring in the complex ICU environment. Other sources such as 

auditory or visual stimulation (for example if the television was on) could not be accounted 

for with the video analysis. All these critiques however, suggest that we actually may be 

underestimating the true magnitude of PS-SD. On the other hand, we acknowledge that these 

data focus on a heterogeneous but high-risk group, all of whom required surgical treatment. 

While this diverse patient population supports the hypothesis that this is a generalizable 

mechanism may be present across several disease types, it is unknown if PS-SD are present 

in cases of minor or subcortical stroke or less severe aSAH cases without large hematomas 

that are typically treated endovascularly in modern practice. Finally, though positioning 

events may be the most similar to the type of mobilization in AVERT II, the AVERT II 

mobilization included sitting, standing, and walking at least three times per day. These 

clinical interventions were probably even more stimulating than the repositioning events in 

our subjects.

Finally, the data suggesting a possible protective effect of stimulation in two subjects 

deserves brief attention. Physiologically, this seems plausible, given that in some regions 

with adequate perfusion, somatosensory stimulation could increase blood flow[7]. Further, 

mounting data suggest that the harmful effects of SD may be most prominent in 

metabolically compromised tissue, while could theoretically have protective mechanisms 

remote from the injury and ischemia[39]. Additional studies coupling perfusion 

measurements with ECoG could help determine if there are some subjects where stimulation 

increases local tissue perfusion.
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These observations have significant and concerning implications for standard practices in the 

care of patients with neurological injuries. While large scale practice changes should not be 

made based on small case series, our observations are supported by strong pre-clinical and 

clinical data regarding ischemic progression mechanisms as well as pragmatic trials which 

resulted in a call for caution in early mobilization of ischemic stroke patients. It therefore 

seems prudent at the very least, for clinicians to express some degree of uncertainty 

regarding the safety of early frequent stimulation in acute stroke and brain injury patients if 

not medically necessary for clinical care. Further mechanistic, clinical, and outcome data are 

urgently needed to assess the implications of the current study for acute neurological care 

and determine if targeted pharmacologic approaches[40,41] could minimize such risk.

MATERIALS AND METHODS

Study population:

Subjects were prospectively enrolled in an observational study focused on the role of SD 

in acute neurological injuries using previously published criteria[42]. (UNM HRPO 10-159) 

Informed consent from the patient or legally authorized representative was obtained for all 

subjects, which included discussion of the nature of the study and possible consequences. 

Briefly, inclusion criteria were any adult patient undergoing craniotomy or craniectomy for 

hemorrhagic or ischemic stroke (including aneurysm rupture) or traumatic brain injury (TBI) 

who were expected to require at least 72 hours of neuro-intensive care monitoring. Consent 

was sought prospectively from a legally authorized representative in most cases (unless the 

subject themselves were able to consent). Some of these subjects also underwent continuous 

EEG monitoring at the clinical discretion of the neuro-intensivist and neurosurgeon, and this 

was considered a second inclusion criteria for the current analysis.

ECoG and VideoEEG recordings:

The methodology for recording and analysis of ECoG for SD has been published[42]. 

Briefly, at the conclusion of the intradural portion of the procedure, a 1x6 subdural platinum 

recording electrode (Auragen, IntegraLife: Plainsboro, NJ) was placed over the region 

thought to be at highest risk of injury expansion (for example, adjacent to infarct in MHS 

and in the region at highest risk of vasospasm after aneurysm clipping). After return to the 

ICU, ECoG was recorded using a full spectrum DC coupled amplifier[43]. DC ECoG was 

reviewed post hoc. In all subjects, continuous standard EEG and ECoG recordings with 

video were also collected. Video EEG recording and management was performed using 

standard 10-20 EEG montage and AC coupled amplifier with at least daily review by a 

board certified epileptologist. These data were used to guide care regarding antiseizure 

medications if required. The strip electrode was then removed at the bedside using gentle 

traction, similar to a surgical drain, when further invasive monitoring was no longer thought 

to be needed by the critical care team.

SD and stimulation scoring:

SD was scored offline after data collection was complete – it was not incorporated 

into clinical management so as not to introduce any potential bias. The EEG analysis 

described above incorporates the high frequency ECoG data, however it is not possible 
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to assess for SD using these data. Separate ECoG recordings were acquired using a full 

spectrum DC amplifier coupled with the Component Neuromonitoring System (Moberg ICU 

solutions: Ambler PA) and archived in a hospital server. Data were exported to LabChart 

(ADInstruments: Colorado Springs, CO) for formal scoring using standardized approaches 

and criteria[42] with scoring by expert reviewers (APC and CWS). SD was defined as a DC 

shift, usually with associated transient depression of high frequency (0.5-50Hz) filtered data 

unless occurring on a baseline of suppressed activity (which was then defined as isoelectric 

spreading depolarization [ISD]). In addition, spread to adjacent electrodes and stereotypical 

repeating patterns[44] are additional criteria to aid in scoring. Only subjects with >1 SD 

were included for further analysis. SD times were then exported in spreadsheet files for each 

subject to a central server.

Continuous video recordings used for EEG were then reviewed by a separate panel of 

reviewers. Each file was reviewed in its entirety by two independent reviewers with 

no knowledge of the SD scoring and no EEG interpretation experience (to ensure that 

no EEG findings would be incorporated into the video review). The video files were 

reviewed continuously for the entire monitoring period at up to 20x playback speed. 

Scoring was performed on a minute by minute basis and scored as to valid video recording 

(yes/no) and stimulation versus no stimulation. Stimulation was further divided into light 

touch (ipsilateral/ contralateral), suctioning, positioning, or other interventions. Scoring 

was assessed for inter-rater reliability using the kappa statistic. Stimulation scoring was 

combined into a single column where both raters agreed on touch and touch type to ensure 

the highest standard of rigor.

SD and video files for each subject were then linked into continuous time-series files. Data 

were reviewed for accuracy and continuity of monitoring start and stop dates and times to 

ensure standardization between data sets. Absent data was recorded as NaN to maintain 

continuity of the time series. See Fig. 7 for summary of the data acquisition and linking.

Illustrative case methods:

After standard clinical data were extracted, additional image analysis was performed. Infarct 

volumes were extracted using semi-automated segmentation (ITK SNAP 3.8.0[20]). The 

pre-operative MRI with diffusion weighted (DWI) sequence was used for the baseline 

measurement and the first head CT performed the day after strip electrode removal was used 

for the final measurement. These measurements were used for descriptive purposed only. In 

order to assess the anatomic relationship of the strip electrode to both cortical structures and 

to the infarct, the pre-operative MRI (DWI) and T2 sequences were used. Image fusion was 

performed using automated software (StealthStation S7, Medtronic: Minneapolis, MN) and 

validated with manual review. DICOM measurement references were preserved in order to 

perform subsequent distance measurements.

Analysis and statistics:

No formal power analysis or sample size was conducted as the ability to detect any 

effect within subjects or between subjects was entirely unknown. We limited the sample 

to the subjects enrolled prior to separate efforts that incorporate SD analysis into clinical 
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management of patients, so that there would be no potential confounding effect of 

medications being tested for SD[40,41] or of clinical interventions targeting SD[45].

Multiple potential confounders exist in testing our hypothesis that stimulation could trigger 

SD[4]. Specific concerns include the fact that the position of the electrode strip relative to 

either a vulnerable region or a potential initiation site are unknown. Due to the this, the 

predicted latency from initiation to measurement is unknown, even if a strong association 

exists. In addition, we expected that more stimulation duration (i.e. more stimulation in 

a certain interval) would be necessary as compared to isolated stimulation. For all these 

reasons, we used multiple methods to try to prove or disprove our hypothesis.

First, we assessed the overall proportion of 60-minute bins that contained at least one SD 

and compared the number of manipulations within those bins. Since we used a one-minute 

sampling period, this can also be thought of as assessing the number of minutes with at 

least some type of manipulation. These were non-overlapping consecutive bins. Only bins 

with complete data for both variables were included. These two frequency distributions were 

compared using the Kolmogorov-Smirnov two sample test. This approach was performed 

to assess whether more frequent stimulation was associated with increased risk of SD. In 

the study by Von Bornstadt[4], SD was only initiated after several minutes of continuous 

stimulation. The effect of more stimulation burden would be expected to have a larger 

impact compared to more isolated stimulation events.

In order to attempt to generate an inference of the effect of more manipulation, we used 

logistic regression to assess the risk of SD with increased frequency of manipulation within 

non-overlapping 60-minute bins. Mixed effect modeling was used, treating each subject 

as an independent variable in order to account for bias related to repeated within-subject 

measures.

In order to assess the possibility of time latency from stimulation to subsequent triggered 

SD, shifting cross-correlation analysis was performed. For each subject, the time series data 

manipulation stream (video scoring) was lagged in one-minute intervals and the correlation 

between SD and stimulation at that latency was assessed. Shifting the SD in the negative 

direction would “correct” for a possible latency from stimulation to subsequent, triggered 

SD only if they occurred in a predictable, repeating pattern after stimulation. Shifting in the 

positive direction serves as an internal control (i.e. ruling out that any association could be 

due to SD occurring before stimulation). We assessed the Pearson correlation coefficient per 

subject and overall for each shifted interval and displayed the results using a heat map.

This approach provided relevant descriptive data in order to perform subsequent inferential 

assessment. Given that the effect of increased correlation appeared to last for nearly one 

hour (Fig. 3), we chose this time as a reasonable sampling time to determine whether there 

was an increased risk of SD after stimulation. For each subject we used each minute of 

data and determined if there was stimulation versus no stimulation (independent variable). 

For each minute, we then assessed the risk of SD (dependent variable) in the subsequent 

60 minutes using logistic regression. Though inter-observer reliability was very good, we 

sought to further increase the rigor of this approach by assessing only stimulation times 
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that were scored by both reviewers compared to times scored as no stimulation by both 

reviewers. In other words, the discordant times were not factored into this analysis. This still 

left >2000 observations in all subjects due to the prolonged monitoring times. To combine 

data between subjects, we used mixed effect modeling. Using this approach, we can assess 

whether or not there is an increased risk of SD after stimulation compared to no stimulation 

and also assess the weather stimulation could be protective against subsequent SD.

In order to assess the effects of individual subtype of stimulation, the types of stimulation as 

assessed above were reviewed. In order to be the most restrictive of subtype, we considered 

only times when both reviewers scored the stimulation subtype. As above, we performed 

logistic regression for each minute to assess the risk of SD in the following 60 minutes using 

mixed effect modeling. In this analysis, we only assessed homogeneously scored subtype 

versus no stimulation. For example “both reviewers scored suction versus no stimulation”. 

We repeated this analysis for “positioning”, “suction”, “any light touch”, “ipsilateral light 

touch”, and “contralateral light touch” (both of these relative to the side of the electrode strip 

and craniotomy.)

Data handling and display was performed with MatLab (vR2020b). Statistical analysis was 

performed using SAS (v9.4).
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Figure 1: Exemplary case illustrating patient stimulation associated with SD and subsequent 
infarct expansion.
See text for detailed clinical explanation A) Example SD on ECoG tracing. There was a 

stimulation event (examination and suction) 9 minutes prior to the SD, which was confirmed 

both by artifact on ECoG (larger black arrow) and review of the video recordings at that 

time (photo inset showing bedside nurse examining patient). These traces are referential 

recordings from the 1x6 electrode strip. Standard 0.5-50Hz high frequency data are shown 

in black (±800μV) with the near DC (0.05Hz high pass filter) shown in red (±6mV). The 

characteristic SD (small arrow) is seen in the red recordings traveling from electrode 6 to 5 

with associated “depression” of the high frequency activity in the black recordings. There is 

baseline suppressed activity in electrodes 2-4 due to proximity to the infarct core and very 

slow recovery of leads 5 and 6, indicating the highly compromised nature of this region. B) 

Correlation of stimulation and SD across the entire dataset. Introducing negative lag allows 

for “correction” of proposed latency from initiation to detection on the electrode. There 

is a notable peak at 9 minutes indicating that the highest association between stimulation 
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and SD occurs if the SD dataset is shifted 9 minutes negatively. C) Using the proposed 

latency of 9 minutes, logistic regression was used to calculate the Odds of SD 9 minutes 

after stimulation, which was significant (OR= 2.85, 95% CI= 1.5-5.37, 5536 observations). 

D) Merged pre-operative T2 weighted MRI with immediate post-operative CT. This allows 

visualization of the anatomic relationship between the electrode strip (Lead 5 and Lead 6 

labeled) and the central sulcus. Supplemental motor area (SMA), motor cortex (MC), and 

somatosensory cortex (SSC) are labeled. In 9min, SD would propagate linearly 27mm so 

a rough potential initiation site was hypothesized as the white translucent shaded region. 

The electrodes from the subdural ECoG strip corresponding to the traces in panel 1 are 

labeled. E) Merged pre-operative Diffusion weighted MRI and immediate post-operative CT 

shows the relationship of the electrode strip to the infarct core, with the strip located at the 

margin of the infarct core. This places the white shaded hypothesized initiation zone within 

presumed peri-infarct penumbra. F) Infarct expansion at one-week noted with consolidation 

and expansion of hypodensity on the CT scan (white arrows). The infarct volume was also 

quantified, demonstrating a notable increase in infarct volume between the pre-monitoring 

and post-monitoring imaging (graph inset).
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Figure 2: Proposed mechanism for patient stimulation induced SD (PS-SD).
Patients with compromised brain from stroke penumbra, delayed cerebral ischemia after 

aneurysmal subarachnoid hemorrhage, or traumatic injury may be susceptible to PS-SD. 

Such SD may result in expansion of regions of ischemia into compromised brain.
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Figure 3: More frequent stimulation is associated with SD.
Cumulative (A) and relative (B) frequency distributions of 60-minute bins with SD (blue) 

and without SD (orange) are shown as a function of frequency of stimulation in each 

one-hour bin. There is a significant (p=0.0010) shift in the overall curve, indicating that the 

distribution of SD bins is dissimilar to the distribution of no SD bins. This effect appears to 

be driven both by fewer SD bins with zero stimulation as well as more SD bins with more 

frequent stimulation (10-60 stimulation).
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Figure 4: Dose dependent effect of increased stimulation frequency on spreading depolarization 
occurrence.
Lower frequency stimulation trended toward increased risk of SD, but increased to a 

significant, maximum risk of SD at 16-20 minutes with stimulation/ hour. Log Odds Ratio 

Scale used
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Figure 5: Patient stimulation is associated with subsequent SD.
Cross correlation matrix assessing patient specific correlation across each data set at time 

zero and with negative and positive lag. Increased correlation with negative lag indicates 

that patient stimulation precedes SD while increased correlation with positive lag serves as a 

control. Negative range indicates correlation peaks between stimulation and subsequent SD 

noted at varying time latencies between subjects (top panel). The higher yellow numbers 

preceding SD support the hypothesis that there are subject specific “peaks” of correlation 

that occur in the ~50 minutes preceding SD. The bottom panel represents the averaged data 

across subjects.
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Figure 6: Overall increased risk of SD in the next 60 minutes after stimulation compared to no 
stimulation.
All subjects except for MHS 2, SAH 7, TBI 1, and TBI 2 demonstrated a significant increase 

in the odds of SD occurring within the next 60 minutes after stimulation. Overall assessment 

with mixed effect modeling demonstrated a significant overall risk of SD. Log Odds Ratio 

scale used.

Carlson et al. Page 22

Transl Stroke Res. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7: Data sources.
Electrocorticography (ECoG) was recorded with subdural 1x6 electrode placed at the time 

of clinically indicated craniotomy or craniectomy. ECoG recorded using a full spectrum 

DC amplifier (Moberg CNS). Spreading Depolarizations (SD) scored offline using standard 

criteria of characteristic DC shift with associated suppression of high frequency activity, 

typically propagating to adjacent electrodes. All subjects were also recorded with multi-day, 

continuous video EEG recordings for clinical seizure evaluation using a separate machine. 

These video files were manually reviewed by two separate reviewers blinded to the ECoG 

scoring in one-minute bins as stimulation versus no stimulation. Data streams were then 

linked based on time of day, which was synced between systems.
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Table 1:
Subject Demographics and outcomes.

MHS=malignant hemispheric stroke, SAH= subarachnoid hemorrhage, TBI= traumatic brain injury, GCS= 

Glasgow coma scale score, WFNS= world federation of neurosurgical societies SAH grading system, mRS= 

modified Rankin score, SD= spreading depolarization, ISD= isoelectric spreading depolarization, - = factors 

only relevant to SAH.

Subject Sex Age Admission
GCS

Admission
WFNS

90day
mRS

Angiographic
Vasospasm

Recording
time (h:m)*

SD
count

SD rate
per hour

SD or ISD

MHS 1 F 34 6 - 4 - 93:34 40 0.43 SD and ISD

MHS 2 M 29 12 - 3 - 143:20 103 0.72 SD

SAH 1 M 55 7 4 1 None 184:41 10 0.05 SD and ISD

SAH 2 F 47 15 1 2 Severe 113:23 13 0.12 SD

SAH 3 M 53 7 4 6 None 52:48 7 0.26 SD

SAH 4 F 69 15 1 4 None 352:05 23 0.07 SD and ISD

SAH 5 F 54 15 2 2 None 136:18 2 0.01 SD

SAH 6 F 68 14 3 2 Moderate 168:02 6 0.04 SD and ISD

SAH 7 F 53 15 1 6 Severe 156:28 3 0.02 SD

SAH 8 F 57 9 4 6 None 160:14 10 0.06 SD and ISD

TBI 1 M 39 3 - 2 - 164:42 57 0.35 SD and ISD

TBI 2 M 74 11 - 4 - 90:31 5 0.06 SD and ISD

TBI 3 M 70 14 - 2 - 134:12 11 0.08 SD and ISD
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Table 2:
Effect of different subtypes of stimulation on spreading depolarization.

Odds ratios refer to the risk of SD in the next 60 minutes in minutes where two reviewers agreed on the 

stimulation subtype compared to no stimulation (both reviewers scored “no stimulation”).

Stimulation type Odds Ratios of SD Lower 95% CI Upper 95% CI

Positioning 4.92 3.74 6.47

Suctioning 1.68 0.28 10.06

Any Light Touch 1.59 1.46 1.74

Contralateral Light Touch 1.28 1.12 1.46

Ipsilateral Light Touch 1.98 1.76 2.23
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