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Abstract Introduction: Delayed cerebral ischemia (DCI) is a
major contributor to morbidity and mortality after
subarachnoid hemorrhage (SAH). Data challenge vasospasm
being the sole cause of ischemia and suggest other factors. We
tested the hypothesis that early autoregulatory failure might
predict DCI. Methods: This is a prospective observational
study of cerebral autoregulation following SAH in which the
primary end point was DCI at 21 days. Cox proportional haz-
ards and multivariate models were used and the benefit of
using multiple indices was analyzed. Results: Ninety-eight
patients were included in the study. There was an increased
risk of DCI with early dysautoregulation (odds ratio [OR]:
7.46, 95% confidence interval [CI]: 3.03—-18.40 and OR: 4.52,
95 % CI: 1.84-11.07 for the transcranial Doppler index of
autoregulation [Sxa] and near-infrared spectroscopy index of
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autoregulation [TOxa], respectively), but not vasospasm (OR:
1.36, 95 % CI: 0.56-3.33). Sxa and TOxa remained indepen-
dent predictors of DCI in the multivariate model (OR: 12.66,
95 % CI: 2.97-54.07 and OR: 5.34, 95 % CI: 1.25-22.84 for
Sxa and TOxa, respectively). There was good agreement
between different indices. All 13 patients with impaired auto-
regulation in all three methods developed DCI. Conclusions:
Disturbed autoregulation in the first 5 days after SAH is pre-
dictive of DCI. Although colinearities exist between the
methods assessed, multimodal monitoring of cerebral auto-
regulation can aid the prediction of DCI.
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Introduction

Delayed cerebral ischemia (DCI) is a major contributor to
morbidity and mortality after subarachnoid hemorrhage
(SAH) [5]. Data challenge the concept of vasospasm being
the sole cause of ischemia following SAH [3, 9] and support
disturbed cerebral autoregulation being a factor in the devel-
opment of DCI [6, 8, 11].

We tested the hypothesis that early autoregulatory distur-
bances following SAH might be related to the development
of DCI. We analysed the relationships between the various
methods of testing autoregulation and their predictive value.

Materials and Methods

All patients with SAH admitted to the Department of
Neurosurgery of this institution between June 2010 and
January 2012 were screened. Inclusion criteria included:

199

DOI 10.1007/978-3-319-22533-3_40, © Springer International Publishing Switzerland 2016


mailto:kpb26@cam.ac.uk

200

K.P. Budohoski et al.

aneurysmal SAH within 5 days from ictus. The study was
approved by the local research ethics committee. The pri-
mary end point was DCI within 21 days following SAH.

Calculation of Autoregulatory Indices

The following indices of autoregulation were calculated:
transient hyperemic response ratio (THRR) [4, 12] (THRR
<1.09 indicated impaired autoregulation [12]), transcranial
Doppler index of autoregulation (Sxa) [2], and near-infrared
spectroscopy index of autoregulation (TOxa) [1].

Statistical Analysis

Receiver operator characteristic (ROC) curve was used to
predict DCI (data from days 0-5), Cox proportional hazards
model (data from days 0-5) to assess the 21-day risk of DCI,
and binary logistic regression to assess the predictive value
of impaired autoregulation (data from days 0-5). Flow veloc-
ity (FV), THRR, Sxa, and TOxa were binned according to
predefined arterial blood pressure (ABP) thresholds for iden-
tifying the lower and upper limits of autoregulation (LLA
and ULA).

Results

Ninety-eight patients were included. Sixty-six had under-
gone all three methods of testing autoregulation. Cerebral
vasospasm was diagnosed on a median of 6 days post-ictus
(range 1-13 days), while DCI was diagnosed on day 8 (range
3-12 days).

Prediction of DCI

The ROC curve determined a good fit for predicting DCI for
all indices (AUC: 0.80, 0.86, and 0.80 for THRR, Sxa, and
TOxa, respectively; Fig. 1). There was a significantly higher
risk of DCI when Sxa and TOxa demonstrated impaired
autoregulation (odds ratio [OR]: 7.46, 95 % confidence inter-
val [CI]: 3.03-18.40 and OR: 4.52, 95 %CI: 1.84-11.07,
respectively; Table 1). Both indices remained independent
predictors in a multivariate model (OR: 12.66, 95 % CI:
2.97-54.07 and OR: 5.34, 95 % CI: 1.25-22.84, respec-
tively) along with a modified Fisher scale grade 3 (OR: 6.21,
95 % CI: 1.45-26.68).

Relationship Between Indices

Both Sxa and TOxa were able to accurately predict impaired
autoregulation as demonstrated by THRR <1.09 (AUC:
0.788, 95 % CI: 0.723-0.854 and AUC: 0.827, 95 % CIL:
0.769-0.885, respectively; Fig. 2). An autoregulatory curve
could be obtained after binning FV from all recordings
according to ABP, suggesting an LLA at 80 mmHg and a
ULA at 120 mmHg. The static group autoregulation curves
for each index were generated using the same ABP thresh-
olds. All three indices showed impaired autoregulation
below 80 mmHg. Sxa demonstrated impaired autoregulation
above an ABP of 125 mmHg, while for TOxa it was above
105 mmHg. ULA was not seen using THRR. Table 2 sum-
marizes the respective AUC and the sensitivity and specific-
ity for all indices and combinations of indices for predicting
DCI.

Discussion

The role of disturbed autoregulation in the pathophysiology
of DCT has been previously demonstrated [6, 8, 11]. However,
the small numbers, the inclusion of only poor-grade SAH
patients, and the use of invasive monitoring techniques and
univariate analysis did not allow for wide generalization.
Nevertheless, it has been shown that early dysautoregulation
is predictive of poor outcome [7, 11]. This study confirms
these findings in a large cohort that comprises all clinical
grades of SAH patients and uses noninvasive near-infrared
spectroscopy and transcranial Doppler methodology.
However, the temporal characteristics of the autoregulatory
disturbances presented here differ from previous results,
such as Jaeger et al. [6]. The inclusion of all WFNS grades in
this study, as opposed to poor-grade patients only in the
study by Jaeger et al. [6], provides a possible explanation for
these differences.

Despite the good discriminatory value of both Sxa and
TOxa shown using Kaplan—Meier analysis, 11 and 13 % of
patients with intact autoregulation in the first 5 days post-
SAH developed DCI, respectively. Experimental data sug-
gest that DCI might be a multifactorial process, with a
number of contributors likely to play a role.

There was good agreement between the methods in iden-
tifying the LLA at 80 mmHg, with some discrepancies in the
ULA. Overall, the range obtained at which autoregulation
was active was narrow compared with classical values of
50-150 mmHg. Because of the limited numbers, we were
not able to identify the ULA and LLA separately for DCI and
non-DCI groups.
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Prediction of DCI (data from days 0-5)
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Fig. 1 Receiver operating characteristic (ROC) curves demonstrating  delayed cerebral ischemia (DCI). In all cases, data from the first 5 days
the ability of the transient hyperemic response ratio (THRR), post-ictus were used. No significant differences between the area
transcranial Doppler autoregulation (Sxa), and near-infrared under the curve (AUC) were found for the different indices
spectroscopy-based autoregulation (TOxa). TOxa was used to predict

Table 1 Baseline characteristics grouped by the presence of delayed cerebral ischemia (DCI)

Percentage of patients developing DCI OR for DCI

Yes (%) No (%) Chi-squared p OR 95%Cl1 p
FV >120 (cm/s) 353 30.8 0.482 0.49 1.36 0.56-3.33 0.50
Sxa>0.1 (a.u.) 60.5 11.3 27.24 <0.000001 7.46 3.03-18.40 0.00001
TOxa >0.1 (a.u.) 49.0 13.3 13.63 0.0002 4.52 1.84-11.07 0.001

FV flow velocity, Sxa transcranial Doppler index of autoregulation, 7Oxa near-infrared spectroscopy index of autoregulation, OR odds ratio,
CI confidence interval, a.u. arbitrary units
Text in bold indicates statistically significant
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Both Sxa and TOxa demonstrated good accuracy in
predicting impaired autoregulation, as seen by a THRR
<1.09. However, compared with the discrete assessment of
autoregulation obtained using the THRR, Sxa and TOxa
provide continuous autoregulation monitoring.

Simultaneous demonstration of autoregulatory failure
using all three indices showed 100 % specificity for predict-
ing DCI. Concomitant use of continuous Sxa and TOxa
resulted in both high sensitivity and high specificity (close
to 80 %). It seems that, while considerable colinearities
undoubtedly exist between the methods, there is merit in
using the multimodal monitoring of cerebral autoregulation
following SAH.

Disclosure/Conflict of Interest ICM+ Software is licensed by
Cambridge Enterprise, Cambridge, UK, http://www.neurosurg.cam.
ac.uk/icmplus/. MC and PS have a financial interest in part of the
licensing fee.

Table 2 Prediction of DCI
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Fig.2 The ROC curves demonstrating the ability of Sxa and TOxa to
identify impaired autoregulation demonstrated by THRR <1.09

AUC SE p 95 % CI Sensitivity Specificity Threshold
THRR (a.u.) 0.801 0.072 0.001 0.660-0.942 0.63 0.96 1.09
Sxa (a.u.) 0.857 0.064 0.00007 0.731-0.984 0.84 0.76 0.05
TOxa (a.u.) 0.796 0.700 0.001 0.658-0.934 0.58 0.92 0.13
Sxa+TOxa (a.u.)* 0.866 0.056 0.00004 0.757-0.975 0.79 0.83 0.06
Sxa+TOxa+THRR (a.u.)’ 0.821 0.116 0.006 0.553-0.963 0.61 1.0 0.1

Sensitivity and specificity calculated from the respective receiver operating characteristic curves with the respective thresholds. Quoted thresholds

represent thresholds data from days 0-5

AUC area under the curve, DCI delayed cerebral ischemia, SE standard error, Sxa autoregulation index based on transcranial Doppler,
THRR transient hyperemic response ratio, 7Oxa autoregulation index based on near-infrared spectroscopy, 95 % CI 95 % confidence interval

*Average of Sxa and TOxa

"Average of Sxa and TOxa; THRR is treated as a binary variable, with THRR <1.09 indicating impaired autoregulation. The threshold stated

relates to the average of Sxa and TOxa only
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