
Trial of the cerebral perfusion response to sodium nitrite infusion in 
patients with acute subarachnoid haemorrhage using arterial spin 
labelling MRI

Martyn Ezra a,*, Edit Franko a, Desiree B. Spronk a, Catherine Lamb b, Thomas W. Okell c,  
Kyle TS. Pattinson a

a Nuffield Division of Anaesthetics, Nuffield Department of Clinical Neurosciences, University of Oxford, Oxford, UK
b Neuro Intensive Care Unit, John Radcliffe Hospital, Oxford University Hospitals NHS Foundation Trust, Oxford, UK
c Wellcome Centre for Integrative Neuroimaging, FMRIB, Nuffield Department of Clinical Neurosciences, University of Oxford, Oxford, UK

A R T I C L E  I N F O

Keywords:
Nitrite
Subarachnoid haemorrhage stroke
Nitric oxide
Cerebral blood flow
Arterial spin labelling

A B S T R A C T

Aneurysmal subarachnoid haemorrhage (SAH) is a devastating subset of stroke. One of the major determinants of 
outcome is an evolving multifactorial injury occurring in the first 72 hours, known as early brain injury. Reduced 
nitric oxide (NO) bioavailability and an associated disruption to cerebral perfusion is believed to play an 
important role in this process. We sought to explore this relationship, by examining the effect on cerebral 
perfusion of the in vivo manipulation of NO levels using an exogenous NO donor (sodium nitrite).

We performed a double blind placebo controlled randomised experimental medicine study of the cerebral 
perfusion response to sodium nitrite infusion during the early brain injury period in 15 low grade (World 
Federation of Neurosurgeons grade 1–2) SAH patients. Patients were randomly assigned to receive sodium nitrite 
at 10 mcg/kg/min or saline placebo. Assessment occurred following endovascular aneurysm occlusion, mean 
time after ictus 66h (range 34–90h). Cerebral perfusion was quantified before infusion commencement and after 
3 hours, using multi-post labelling delay (multi-PLD) vessel encoded pseudocontinuous arterial spin labelling 
(VEPCASL) magnetic resonance imaging (MRI).

Administration of sodium nitrite was associated with a significant increase in average grey matter cerebral 
perfusion. Group level voxelwise analysis identified that increased perfusion occurred within regions of the brain 
known to exhibit enhanced vulnerability to injury. These findings highlight the role of impaired NO bioavail
ability in the pathophysiology of early brain injury.

1. Introduction

Aneurysmal subarachnoid haemorrhage (SAH) is a devastating sub
set of stroke, associated with significant morbidity and mortality [1]. 
SAH is estimated to cost the UK £510 million per year, with the loss of 
productive years approaching that of ischaemic stroke [2]. One of the 
major determinants of patient outcome is the development of delayed 
secondary neurological injuries, 3–14 days after the initial bleed, known 
as delayed cerebral ischemia (DCI) [3]. Impaired cerebral blood flow 
during the first 72 hours following aneurysmal rupture, a period known 
as early brain injury (EBI), is thought to play a critical role in the 
development of DCI [4–19].

Following SAH there is a profound disruption to the cerebral nitric 

oxide (NO) signalling pathways [20]. NO is a potent vasodilator, 
involved in the maintenance of basal vascular tone and the regulation of 
cerebral blood flow. Reduced NO bioavailability following SAH may, 
therefore, play a critical role in pathophysiology of EBI. However, 
clinical studies attempting to correlating changes in cerebrospinal fluid 
NO metabolites during EBI with the development of DCI have failed to 
demonstrate a clear association [21–24]. Whilst this likely reflects the 
difficulty in extrapolating NO metabolite levels to the biological avail
ability of NO, the role of NO in the pathophysiology of EBI remains 
uncertain.

In a series of studies our group has sought to determine the role of NO 
in the pathophysiology of EBI utilising a novel experimental medicine 
approach. Using sodium nitrite as an endogenous NO donor, the effects 
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of in vivo NO level manipulation were examined in SAH patients during 
EBI. Sodium nitrite administration was shown to increase the electro
encephalographic (EEG) spectral alpha/delta power ratio (ADR) (a 
marker of cerebral ischemia) and normalise the low frequency syn
chronisation between arterial blood pressure and transcranial doppler 
(TCD) derived cerebral blood flow velocity (a marker of cerebral 
vascular function) [25–27]. Exogenous NO administration, therefore, 
appears to normalise cerebrovascular function and improve cerebral 
perfusion during EBI.

Whilst these findings support the role of reduced NO bioavailability 
in the pathophysiology of EBI, they represent indirect measures of ce
rebral blood flow and are therefore subject to a range of confounding 
factors. As such, quantitative assessment of the cerebral blood flow 
response to sodium nitrite is required.

Arterial spin labelling (ASL) magnetic resonance imaging (MRI) is a 
completely non-invasive method for imaging perfusion in the brain that 
uses blood water as an endogenous tracer. It is therefore ideally suited 
for experimental designs where repeated perfusion measurement is 
required. Recent developments in ASL sequences have enabled estima
tion of cerebral perfusion from the different feeding arteries of the brain. 
Vessel encoded labelling techniques improves absolute quantification of 
perfusion in the presence of altered blood arrival times, especially in 
regions supplied by two different vascular territories with different 
vessel arrival times [28]. This has been identified as a significant factor 
limiting the utility of conventional ASL in patients with SAH [29].

The aim of this study was to determine the effect of the adminis
tration of sodium nitrite on cerebral perfusion during EBI following 
SAH, using a double-blind placebo controlled randomised study design 
and state-of-the-art vessel encoded ASL imaging. We hypothesised that 
sodium nitrite administration would be associated with an increase in 
cerebral perfusion, further demonstrating the role of functional NO 
depletion in the pathophysiology of EBI.

2. Methods

2.1. Participants

All patients aged 18–80 years admitted to the John Radcliffe Hos
pital, Oxford between April 2016 and June 2018, having suffered low 
grade aneurysmal SAH (WFNS (World Federation of Neurosurgeons) 
grade 1–2) and successfully treated with endovascular coiling, were 
assessed for eligibility for inclusion in this study. Inclusion was depen
dent on the ability to perform the first MRI within 96 hours of ictus and 
the second MRI 3 hours after commencement of the drug infusion pro
tocol. Ictus was defined as primary headache associated with medical 
intervention.

Exclusion criteria included contraindications to sodium nitrite, pre- 
existing methaemoglobinaemia, history of glucose-6-phosphate dehy
drogenase deficiency, current allopurinol use, routine contraindications 
to MRI and pregnancy. Written informed consent was obtained from all 
participants. The study was approved by the South Central –Oxford C 
NHS Health Research Authority Ethics Committee 12/SC/0366.

Following endovascular aneurysm occlusion, all patients were 
managed according to a standardised clinical SAH protocol. This 
included nimodipine (either 60 mg 4 hourly or 20 mg 2 hourly 
depending on blood pressure) for 21 days following diagnosis of SAH. 
No patient demonstrated clinical or angiographic evidence of DCI or 
cerebral arterial vasoconstriction at the time of the study.

2.2. Study design

All patients successfully recruited to the study were randomised to 
receive an infusion of sodium nitrite at 10 mcg/kg/min or 0.9 % saline at 
the equivalent rate (0.12 ml/kg/h). Simple 1:1 non-stratified random
isation was performed via sequentially numbered opaque sealed enve
lopes prepared by an independent person, not involved in data 

collection and analysis.
Before the infusions were commenced all patients underwent base

line MRI (MRI 1) scanning within 92 hours of ictus. Study infusions were 
commenced within 1 hour of MRI 1 completion. All infusions were 
prepared by a suitably trained medical practitioner independent of the 
study. Infusions were delivered via a peripherally sited intravenous 
canula using a calibrated infusion pump. Both the patient and re
searchers were blinded to the allocation. All infusions were adminis
tered for 3 h before repeat MRI (MRI 2) was then performed with the 
infusions continuing to be administered throughout the duration of the 
scanning protocol.

2.3. Sodium nitrite

Sodium nitrite has been established as safe for long term use in 
human SAH [30] (4.45mcg/kg/min for 14 days). However, plasma ni
trite levels achieved at such an infusion rate are below those identified in 
animal studies as maximally efficacious [31]. In healthy volunteers, 
doses of up to 110mcg/kg/min have been given safely, however, at high 
doses [32] and long infusions [33], side effects of decreased blood 
pressure and methaemoglobinemia become clinically significant. Phar
macokinetic data suggests that at an infusion of 10mcg/kg/min, plasma 
nitrite levels will plateau at around 2 hours. The infusion rate and 
duration were therefore chosen as a compromise between ensuring 
adequate steady state plasma nitrite levels and minimisation of any 
cardiovascular effect.

2.4. Clinical follow up

The diagnosis of delayed cerebral ischemia was made by the 
attending clinicians who were independent to the study. The definition 
of delayed cerebral ischemia was in line with the guidelines proposed by 
Vergouwen et al. [34], being, “The occurrence of focal neurological 
impairment (such as hemiparesis, aphasia, apraxia, hemianopia, or neglect), 
or a decrease of at least 2 points on the Glasgow Coma Scale. This should last 
for at least 1 hour, is not apparent immediately after aneurysm occlusion, and 
cannot be attributed to other causes by means of clinical assessment, CT or 
MRI scanning of the brain, and appropriate laboratory studies”. Each patient 
was also assessed at discharge and at 3 months using the Glasgow 
outcome scale (GOS) [35].

2.5. Physiological monitoring

During the study, infusion oxygen saturations (SpO2), heart rate and 
non-invasive blood pressure (NIBP) were measured every 5 minutes for 
the first 15 minutes and then every 15 minutes (Dinamap Procare 300, 
GE Healthcare). In addition, methaemoglobin levels were assessed non- 
invasively by pulse co-oximetry (Masimo Rainbow, Switzerland).

During MRI, oxygen saturations (SpO2), heart rate and non-invasive 
blood pressure (NIBP) were measured every 15 minutes (Philips 
MR400). End tidal CO2 and O2 (KPa) were continuously monitored 
using disposable nasal cannulae and side stream infrared and optical 
sensors, respectively (AD Instruments). Two-point calibration was per
formed prior to each session using calibration gas (7 % O2, 5 % CO2, 
balance Nitrogen; Speciality Gases). All data was sampled at 100Hz on a 
Powerlab data acquisition interface (AD Instruments) and recorded for 
off line analysis following anti-aliasing filtering, with a low-pass fre
quency cut-off at 20 Hz.

2.6. MRI imaging protocol

A Siemens MAGNETOM 3T Verio scanner with a 12 channel head 
coil (Siemens Healthcare, Erlangen, Germany) located at the Oxford 
Acute Vascular Imaging Centre (AVIC) was used for all scans.

The Scanning protocol included the following sequences:
High resolution T1-weighted MPRAGE whole brain structural 
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scans for registration and tissues segmentation: 1.5 × 1.5 × 1.5 mm 
resolution; TR 1780 ms; TI 900 ms; TE 4.4 ms.

Time-of-flight MR neck angiogram, to facilitate vessel labelling: 
1.5 min; 20 slices; 1.2 × 0.8 × 1.3 mm; TR 26 ms; TE 3.43 ms; flip angle 
18 deg.

Multi-Post labelling delay (PLD) vessel-encoded pseudocontin
uous arterial spin labeling (VEPCASL) perfusion-weighted imaging 
to measure changes in perfusion: 3.4 × 3.4 × 4.5 mm, field of view 
220 mm; TR 4080 ms; TE 14 ms, echo planar imaging readout, 24 slices, 
background suppression with multiple post-labeling delays (0.25 s, 0.5 
s, 0.75 s, 1 s, 1.25 s, 1.5 s). The vessel encoding protocol consisted of a 
1.4 s pulse train cycling through eight different vessel-encodings: two 
non-selective (label and control), two left-right, two anterior-posterior 
and two diagonal. Two repetitions of these encodings were acquired 
for each PLD. The labelling plane was positioned approximately 8 cm 
below the circle of Willis, at the proximal V3 segment of the vertebral 
arteries. Calibration scans were acquired to allow absolute perfusion 
quantification using the same parameters as the VEPCASL, but without 
labelling or background suppression [28,36].

The structural MRIs were reviewed for clinical purposes by a 
consultant neuroradiologist and any abnormalities reported back to the 
clinical team looking after the patient.

2.7. Analysis

2.7.1. Physiological parameters
CO2 waveform data pre-processing was carried out using custom 

written MATLAB scripts (MATLAB R2018b, The MathWorks Inc., 
Natick, MA, 2000). The CO2 waveform was visually inspected for sig
nificant artefact and end tidal CO2 (ETCO2) values were calculated via 
waveform peak identification.

2.7.2. Structural pre-processing
T1 weighted image pre-processing was carried out using FSL Version 

6.0.1 (FMRIB Software Library, Functional Magnetic Resonance Imaging 
of the Brain Centre, Department of Clinical Neurosciences, University of 
Oxford, Oxford, UK, http://www.fmrib.ox.ac.uk) [37]. In summary, this 
included visual inspection of the scans to check for gross artefact, brain 
extraction using BET and tissue segmentation and partial volume esti
mation using FAST.

2.7.3. Arterial spin labelling
Retrospective motion correction was applied using the MCFLIRT [37,

38]. Calculation of the perfusion from each artery at each PLD was 
achieved using a maximum a posteriori approach to the general 
Bayesian framework for vessel-encoded data [36,39]. A kinetic model, 
incorporating a macrovascular component, was fitted to the data for 
each feeding artery, separately, to estimate perfusion, arterial cerebral 
blood volume (aCBV), arterial transit time and the associated variances 

Fig. 1. Multi-PLD VEPCASL results for a single representative subject in subject T1 structural space demonstrating perfusion, and feeding artery distribution maps.
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using a variational Bayes approach employing spatial priors [40–42]. 
Voxelwise calibration was performed to derive absolute parameter es
timates. Fig. 1 demonstrates the perfusion and feeding artery distribu
tion maps in structural space of a single representative subject at 
baseline.

Whole brain grey matter (GM) perfusion was calculated by taking the 
average across a GM mask created by a linear transform (FLIRT and 
BBR) of the GM partial volume map (derived from the T1-weighted 
image segmentation) into ASL space and thresholding at 0.5. Non- 
linear registration to the MNI-152 2 mm standard space via T1 
weighted structural scans (BBR, FLIRT, FNIRT) was also performed to 
enable voxelwise statistical inference.

2.7.4. ASL kinetic model
The effects of sodium nitrite on the biophysics of the ASL signal must 

be accounted for to avoid systematic bias in the perfusion estimates. The 
quantification of perfusion from arterial spin labelling perfusion MRI is 
based upon the principles of tracer kinetics. The labelled blood water is 
treated as a tracer, which gives rise to a measured signal. As such, the 
longitudinal decay of the labelled blood water strongly influences the 
kinetic model. During analysis, blood T1 must be defined, and is often 
assumed to be the same for all individuals. However, the longitudinal 
decay of blood water is dependent on the biochemical and physiological 
composition of the blood itself. The administration of sodium nitrite is 
known to cause a small but significant increase in methaemoglobin. 
Methaemoglobin has a strong effect on blood longitudinal relaxation, 
introducing between session bias. To account for this confounding ef
fect, blood water T1 was calculated on individual patient basis for each 
scan, using the approach set out by Li et al. [43] and methaemoglobin 
fraction determined from the non-invasive physiological measure taken 
during the study. For a detailed description see Supplementary Data.

2.7.5. Calibration
M0a calibration to derive absolute perfusion estimates was per

formed using a voxelwise approach. This has the additional benefit of 
accounting for transmit/receive field inhomogeneities and transverse 
relation effects at the voxel level. A CSF reference region approach was 
not used in this analysis, since SAH is associated with blood within the 
ventricular system and haemoglobin in varying states of breakdown will 
have a significant effect on the magnetisation estimate of CSF.

2.7.6. Statistical analysis

2.7.6.1. Whole brain ASL measures. To assess for the effect of sodium 
nitrite, statistical analysis of the whole brain ASL perfusion was carried 
out using R (R Foundation for Statistical Computing) [44] and the 
analysis package nlme (R package version 3.1–131) [45]. A two level 
mixed effects model was employed. Using a random intercept model 
with the ASL measure conditional on patient, allowed for within patient 
correlation due to repeated measures on each patient over time. The 
study arm allocation (placebo/sodium nitrite) and imaging time point 
(MRI 1/MRI 2) were included as fixed effects, in addition to confounding 
factors that may influence cerebrovascular haemodynamics (age, WFNS 
score, DCI, ETCO2, mean arterial pressure).

2.7.6.2. Voxelwise analysis. Voxelwise statistical inference was per
formed using the FMRIB Local Analysis of Mixed Effects (FLAME) al
gorithm [46]. This enabled the incorporation of the variance maps from 
each participant’s ASL measures into the model. By doing so, the sta
tistical maps are weighted by the reliability of the individual’s data.

To test for the effect of sodium nitrite, the interaction between arm 
allocation and imaging time point was assessed using a repeated mea
sure within subject ANOVA. Z statistic images were thresholded using 
clusters determined by Z > 2.3 and a (family-wise error (FWE) cor
rected) cluster significance threshold of p < 0.05.

2.7.6.3. Clinical data. Comparison of baseline demographic, clinical 
and physiological data was compared using Fishers exact test for cate
gorical data, Mann-Whitney U test for unpaired ordinal and non- 
parametric continuous data, Wilcoxon test for paired ordinal and non- 
parametric continuous data and paired/unpaired t-tests for parametric 
continuous data.

3. Results

3.1. Clinical demographics

Between April 2016 and June 2018, 54 patients were screened for 
eligibility into the study. Of those that were eligible, 16 patients were 
recruited. A subset of these patients also underwent EEG assessment 
during the infusion sodium nitrite/saline placebo, the results of which 
are published in Luettich et al. [27] The mean time from ictus to the 
primary MRI scan was 66 hours (range 34–90 hours). All primary MRI 
scans were performed at the same time period during the day (between 
9am and 11am).

All 16 patients who underwent MRI 1 received the nitrite/placebo 
infusion for 3 hours and underwent secondary MRI scanning (MRI 2). All 
secondary scans were performed at the same time period during the day 
(2pm–5pm). Inspection of the ASL data identified significant movement 
artefact in both the MRI 1 and MRI 2 scans in a single patient. This 
patient was excluded from subsequent analysis.

Fig. 2 is a flow sheet outlining recruitment into the study. Table 1 is a 
detailed breakdown of the demographics and clinical data for each pa
tient recruited into the study.

3.2. Effect of sodium nitrite on cerebral haemodynamics during early 
brain injury

3.2.1. Randomisation
9 patients were randomised to saline placebo and 7 to sodium nitrite. 

The excluded patient, due to excessive movement artefact, was rando
mised to sodium nitrite. Therefore only 6 patients who received sodium 
nitrite were included in subsequent comparisons.

3.2.2. Clinical demographics
Table 2 shows a summary of the clinical demographics between 

patients included in the final analysis in both study arms. No significant 
differences were observed in baseline characteristics or clinical 
measures.

3.2.3. Physiological data
Physiological data recorded during the MRI 1 and MRI 2 scanning 

sessions for patients included in the final analysis in both study arms is 
presented in Table 3. During MRI 1 no significant differences in the 
physiological data were observed between nitrite and control arms. 
During MRI 2, as expected, methaemoglobin was significantly higher in 
nitrite group (0.99 (0.18) vs 3.13 (0.23), p < 0.001). Oxygen saturations, 
mean arterial pressure, heart rate, and end tidal CO2 were not statisti
cally different between nitrite and control arms.

3.2.4. Whole brain average ASL results
The results of the linear mixed effects modelling of mean grey matter 

perfusion are as follows: Within study arm comparisons identified that, 
in patients randomised to the nitrite arm, mean perfusion significantly 
increased between MRI 1 and MRI 2 (baseline mean perfusion = 39.147 
ml/100 g/min (SEM = 3.39) to infusion mean perfusion = 49.764 ml/ 
100 g/min (SEM = 3.37); p value = 0.0025). In patients randomised to 
the placebo arm there was no change in mean perfusion between MRI 1 
and MRI 2 (baseline mean perfusion = 41.783 ml/100 g/min (SEM =
2.75) to infusion mean perfusion = 40.732 ml/100 g/min (SEM = 2.75); 
p value = 0.6885).

Within MRI scan comparisons identified that there was no significant 
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Fig. 2. Flowsheet of study recruitment.

Table 1 
Demographics of all recruited patients. Abbreviations: Comm, communicating; A, Anterior; P, Posterior; ICA, Internal Carotid Artery; MCA, Middle Cerebral Artery; 
HTN, hypertension; IHD, ischemic heart disease; CSF, Cerebrospinal Fluid; EVD, External ventricular drain, LOS, length of stay; GOS, Glasgow outcome scale; DCI, 
delayed cerebral ischemia; WFNS, World Federation of Neurosurgeons.

Patient Age 
(years)

Gender Location of 
Aneurysm

HTN IHD WFNS 
Grade

Fisher 
Grade

CSF 
diversion

Discharge 
Destination

LOS 
(days)

GOS at 
Discharge

GOS 
at 3 
mo

DCI Allocation

1 51 Male A. Comm No No 1 2 none Home 8 5 5 No Nitrite
2 51 Female A. Comm No No 2 4 none Home 15 5 5 No Placebo
3 30 Male Opthalmic No No 1 2 none Home 14 5 5 No Placebo
4 31 Female A. Comm No No 1 3 none Home 10 5 5 No Nitrite 

(excluded)
5 61 Female P. Comm Yes No 1 4 none Home 12 5 5 No Placebo
6 64 Female Pericallosal Yes No 2 4 EVD Hospital 18 3 5 No Nitrite
7 49 Male A. Comm Yes No 1 4 none Home 10 5 5 No Placebo
8 61 Male A. Comm No No 1 4 none Home 12 5 5 No Nitrite
9 50 Female P. Comm Yes No 1 2 none Home 10 5 5 No Placebo
10 45 Male P. Comm Yes No 1 2 none Home 11 5 5 No Placebo
11 51 Female P. Comm No No 2 4 none Hospital 17 4 5 Yes Placebo
12 52 Female Superior 

cerebellar
No No 1 1 none Home 11 5 5 No Placebo

13 64 Female MCA Yes No 1 4 none Home 10 5 5 Yes Nitrite
14 36 Male A. Comm No No 1 2 none Home 8 5 5 No Nitrite
15 42 Female ICA No No 2 2 none Home 9 5 5 No Nitrite
16 29 Male A. Comm No No 1 3 none Home 10 5 5 No Placebo
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difference in MRI 1 mean perfusion between patients randomised to 
placebo or nitrite (p value = 0.549). Whereas, during MRI 2 there was a 
significant difference in mean perfusion between patients receiving so
dium nitrite and those receiving the placebo (p value = 0.047). These 
results are illustrated in Fig. 3. Normality and homoscedasticity in the 
residuals was assessed by examining the qqnorm plot of the model re
siduals (Fig. 4a) and standardised residuals vs. fitted residuals for the 
model (Fig. 4b) respectively. These demonstrated that the model is a 
good fit for the data. There were no significant effects of Age, WFNS 
grade, MAP and etCO2 level on the mean perfusion.

3.2.5. Voxelwise analysis
Fig. 5a shows the z-statistics depicting the spatial regions, with a 

significant positive interaction effect between arm allocation and im
aging time point (Scan 2 Nitrite – Scan 1 Nitrite) > (Scan 2 Placebo – 
Scan 1 Placebo). Significant clusters are visible in the caudate, putamen, 
frontal pole, precuneous cortex, insular cortex, paracentral lobule, pre
central, middle and inferior frontal gyri, and anterior and posterior 
cingulate gyri.

4. Discussion

4.1. Main findings

The aim of this study was to test the hypothesis that administration of 
an exogenous NO donor, in the form of sodium nitrite, would increase 
cerebral perfusion during early brain injury following subarachnoid 
haemorrhage. Administration of sodium nitrite was associated with a 
significant increase in average grey matter cerebral perfusion, whereas 
in patients that received a placebo infusion perfusion remained un
changed. The spatial distribution of increased cerebral perfusion cor
relates with regions of the brain known to exhibit enhanced 
vulnerability to injury.

4.2. The role of nitric oxide pathway dysfunction during early brain 
injury

Early brain injury and the subsequent development of DCI have been 
shown to be associated with impaired cerebral autoregulation and blood 
flow [4–19]. We have previously reported that sodium nitrite adminis
tration during EBI improves EEG makers of ischemia and normalises 
cerebral blood flow haemodynamics [25–27]. The increase in mean grey 
matter perfusion observed within this study, when viewed in combina
tion with our previous findings, suggests that sodium nitrite adminis
tration acts to improve cerebrovascular function and tissue perfusion. 
These findings add significant weight to the role of reduced NO 
bioavailability in the pathophysiology of EBI and potentially the sub
sequent development of DCI.

Table 2 
Placebo vs Nitrite Patient Demographics included in final analysis.

Nitrite Placebo p-value

Overall Demographics

n 6 9 ​
Age (mean/range) 53 (36–64) 46.4 (29–61) 0.28
Gender (M:F) 3:3 4:5 >0.99

WFNS

1 4 7 >0.99
2 2 2

Fisher Grade

1 0 1 >0.99
2 0 3
3 3 1
4 3 4

Aneurysm Location (%)

Anterior Circulation 4 4 0.08
Middle Cerebral 1 0
Internal Cartotid 1 0
Vertebral Artery 0 0
Posterior Circulation 0 5

Complications

DCI 1 2 ​

Table 3 
Physiological data for both MRI time points in patients included in final analysis 
for both study arms.

MRI 1 MRI 2

Placebo Nitrite p- 
value

Placebo Nitrite p value

MAP 
(mmHg)

91.6 
(11.7)

91.8 
(8.2)

0.97 90.5 
(10.1)

85.4 
(9.2)

0.33

Heart Rate 
(bpm)

61 (8.2) 56.2 
(6.3)

0.33 61 (7.5) 58 (14) 0.6

SpO2 (%) 97 (1) 97.1 
(2.6)

0.54 97 (2) 96 (1.4) 0.9

End Tidal 
CO2 (kPa)

3.9 
(0.14)

3.96 
(0.12)

0.43 3.9 (0.3) 4 (0.2) 0.5

MetHb 0.93 
(0.25)

0.97 
(0.33)

0.83 0.99 
(0.18)

3.13 
(0.23)

<0.001

Fig. 3. Bar chart of mean cerebral perfusion, for the different conditions. A 
significant increase in perfusion in patients following sodium nitrite is visible. 
Perfusion is also significantly larger in patients that received sodium nitrite that 
those who received placebo during the second scan. There is no difference 
between infusion groups at baseline. Bars represent standard error of the 
mean (SEM).
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4.3. Regional perfusion changes following sodium nitrite administration

To date, studies assessing perfusion in the immediate days following 
aneurysmal rupture, have done so using predefined regions of interest, 
normally based on anatomical vascular territories from which global 
values are derived [19,47–54]. Little attention has been paid to specific 
patterns of regional perfusion. As such, direct comparison of our findings 
with other studies in this field is not possible. It is therefore difficult to 
determine if the increase in perfusion identified following nitrite 
administration is localised to cerebral regions that exhibit impaired 
perfusion during EBI.

However, the regions identified in our study with increased perfu
sion following sodium nitrite administration correlate with those known 
to exhibit enhance vulnerability to injury. The increase in perfusion in 
the caudate, putamen, insular cortex, paracentral lobule, precentral, 
middle and inferior frontal gyri, corresponds with those identified by 
Payabvash et al., as demonstrating higher levels of ischaemic vulnera
bility to hypoperfusion [55]. In that study, the percent infarction in
crease per unit relative perfusion reduction was determined for different 
brain regions in patients having acutely suffered from an ischemic 
stroke. Vulnerable regions were defined as those that demonstrated 
higher infarct burden per unit reduction in relative perfusion. We also 
observed a significant increase in perfusion in the frontal pole, anterior 
and posterior cingulate gyri, and precuneous cortex. These regions 
demonstrate high levels vulnerability to diffuse axonal injury following 
traumatic brain injury. The high density of connections that pass 
through these midline areas are believed to render these regions espe
cially susceptible to shear/strain injury [56–58].

It has been well described in animal studies, that the immediate 
period following aneurysmal rupture is associated with a profound 
mechanical and ischaemic insult [59]. It is, therefore, reassuring that 
nitrite administration increases cerebral perfusion in cortical regions 
where we may expect to observe the greatest injury burden.

4.4. Sodium nitrite site of pharmacodynamic action

An increase in perfusion following sodium nitrite administration in 
cortical regions with the greatest injury burden corresponds with the 
known biochemistry of nitrite [60]. Nitrite is reduced to bioactive NO 
through acidification or via reaction by a number of proteins possessing 
nitrite reductase activity. Critically, the reduction of nitrite by the re
ductases is enhanced in conditions of hypoxia or acidosis. Neuroglobin, 
present in the cells of all mammalian brains, contains a 
hexa-coordinated haeme group that is converted to a penta-coordinated 
form during periods of oxidative stress. In this form, it readily reduces 
nitrate to nitric oxide. Thus, regions with higher levels of injury burden 

are more likely to reduce nitrite to NO and exhibit increased perfusion. 
This is supported by the recent finding of Franko et al. who demon
strated no effect on EEG measures or transcranial Doppler derived ce
rebral blood flow during the administration of sodium nitrite in healthy 
volunteers [61]. Cerebral acidosis or hypoxia would not be expected in 
this group, suggesting that nitrite is not reduced to NO in normal brain 
tissue.

The reduction of nitrite to NO at parenchymal level would support 
the hypothesis that, during EBI, sodium nitrite has it pharmacodynamic 
site of action on the cerebral microvasculature. There is increasing 
preclinical and clinical evidence to suggest that microvascular 
dysfunction plays a critical role in early brain injury following SAH 
[48–50,62–65]. Several pathological processes have been proposed to 
induce microvascular dysfunction following SAH. Critically, NO appears 
to play a significant role in this process. Reduced NO bioavailability 
following SAH has been shown to result in unopposed vascular 
myogenic reactivity [66,67], microthrombus formation secondary to 
increased P-selectin levels [68,69] and pericytes hypercontractile [70].

This observation is also supported by murine models of subarachnoid 
haemorrhage, which have demonstrated that inhaled nitric oxide 
administration reduced early microvascular dysfunction [71]. Inhaled 
nitric oxide is believed to confer its cerebral action through the forma
tion of bioactive nitric oxide carriers, such as nitrite, in the lung [72,73]. 
As such, inhaled nitric oxide demonstrates the same selectivity to ce
rebral regions with higher levels of injury burden [74,75]. Inhaled nitric 
oxide has subsequently been examined in patients with delayed cerebral 
ischemia following SAH [76]. In this study, multimodal assessment of 
cerebrovascular function was assessed in patients with delayed cerebral 
ischemia during inhaled nitric oxide treatment. A consistent increase in 
cerebral tissue oxygen partial pressure was demonstrated, whereas 
macrovascular changes assessed using transcranial doppler and digital 
subtraction angiography were less consistently observed and less pro
nounced. It was suggested by the authors that these findings support 
evidence from murine models that inhaled nitric oxide predominantly 
exerts its effects at the microvascular level.

These findings would appear at odds with the pre-clinical findings of 
both Pluta et al. and Fathi et al. Utilising primate autologous blood clot 
models of SAH, cerebral large vessel constriction was demonstrated to 
be reversed or prevented by the administration of sodium nitrite [77,
78]. Given the known spatial correlation between cerebral blood load 
and the development of large vessel constriction, it was proposed that 
nitrite reduction by deoxyhaemoglobin within the clot was the basis of 
its action. However, several key differences exist between our study and 
those discussed above. Pluta et al. and Fathi et al. sought to examine the 
effect of nitrite administration on large vessel constriction associated 
with DCI. Thus, they performed cerebral angiography on day 7 after clot 

Fig. 4. Diagnostic plots to show the a) normality of the residuals in the linear mixed effects model and b) the fitted model is unbiased and homoscedastic. These plots 
demonstrate that the model is a good fit for the data.
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placement, during the DCI window, when large vessel constriction is 
expected to occur. Our study, sought to determine the role NO pathway 
disfunction plays in EBI. Assessment was, therefore, performed during 
the EBI period (first 72 hours after aneurysmal rupture), before we 
would not expect to observe large vessel constriction. Furthermore, from 
a methodological perspective, autologous blood clot models of SAH, 
whilst ideal for examining cerebral vasospasm, do not induce the pro
found early pathophysiological changes associated with aneurysmal 
rupture [59]. Therefore, even within this period, the observable action 
of nitrite administration will be intrinsically limited to the effects on clot 
induced large vessel constriction.

4.5. Sodium nitrite and DCI

One of the key findings of Garry et al. [25]was the differential EEG 
response following sodium nitrite administration between patients that 
subsequently developed DCI and those that did not. The differential 
response observed was proposed to indicate the severity of the under
lying cerebral injury and therefore likelihood of progressing to develop 
DCI. Unfortunately, we were unable to make any meaningful compari
sons, as only one patient who received sodium nitrite subsequently 
developed DCI.

Fig. 5. Standard space (MNI 2 × 2 × 2 mm) representation of mixed effects repeated measures interaction analysis (FLAME) of perfusion data incorporating in
dividual subject variance maps. Demonstrates interaction between infusion arm and scan time point ((Scan 2 Nitrite – Scan 1 Nitrite) > (Scan 2 Placebo – Scan 1 
Placebo)). Statistical maps consist of a colour-rendered statistical map superimposed on a standard brain, and significant regions are displayed with a threshold Z >
2.3, with a cluster probability threshold of p < 0.05 (corrected for multiple comparisons).
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4.6. Limitations

The small sample size represents the primary limitation of this study. 
However, this represents the first study to investigate, in detail, the 
cerebral perfusion response to exogenous NO administration during EBI 
using ASL. In doing so, it provides valuable insight into the potential role 
of NO in the pathophysiology of EBI and the possible role of state-of-the- 
art VEPCASL in the serial assessment of cerebral perfusion following 
SAH.

It is also reassuring that the increase in cerebral perfusion following 
sodium nitrite administration observed within this study is in line with 
the EEG and TCD findings of our previous studies.

To account for the effects of methaemoglobin on the longitudinal 
relaxation of blood water, individual adjustments to the ASL kinetic 
model T1 blood value were required. As expected, the adjusted T1 blood 
values incorporating the effects of methemoglobinemia were signifi
cantly shorter. Inherently this will result in an increase in estimated 
cerebral perfusion. Blood methaemoglobin levels were measured non- 
invasively, the group average methaemoglobin level in the nitrite 
group was significantly large than the placebo group (3.13 vs 0.99 %). 
Given the reported precision of the Massimo rainbow system of 0.89 % 
[79], there may have been a systematic overestimation of meth
aemoglobin levels. Furthermore, we could only identify one model to 
estimate the effects of methaemoglobin at 3T. As such, any inaccuracies 
in this model may have resulted in an overestimation of the T1 short
ening effect. However, if there was a systematic overestimation of the T1 
shortening effect of methaemoglobin, we would expect to observe a 
non-specific global increase in cerebral perfusion. Our findings 
demonstrate localised changes in brain regions known to exhibit 
enhance vulnerability, indicating that T1 estimation does not have a 
dominant effect.

5. Conclusion

We have demonstrated that pharmacological manipulation of in vivo 
NO levels in patients with low grade SAH results in increased cerebral 
perfusion in regions of the brain known to exhibit enhanced vulnera
bility to injury. These findings suggest that reduced NO bioavailability 
plays a critical role in the pathophysiology of EBI, and supports future 
clinical trials of sodium nitrite treatment to prevent the development of 
DCI following SAH.
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[24] A. Woszczyk, W. Deinsberger, D.-K. Böker, Nitric oxide metabolites in cisternal CSF 
correlate with cerebral vasospasm in patients with a subarachnoid haemorrhage, 
Acta Neurochir. 145 (4) (Apr. 2003) 257–263, https://doi.org/10.1007/s00701- 
003-0004-7. ; discussion 263-4.

[25] P.S. Garry, et al., Electroencephalographic response to sodium nitrite may predict 
delayed cerebral ischemia after severe subarachnoid hemorrhage, Crit. Care Med. 
44 (11) (Nov. 2016) e1067–e1073, https://doi.org/10.1097/ 
CCM.0000000000001950.

[26] M. Ezra, P. Garry, M.J. Rowland, G.D. Mitsis, K.T. Pattinson, Phase dynamics of 
cerebral blood flow in subarachnoid haemorrhage in response to sodium nitrite 
infusion, Nitric Oxide 106 (Jan. 2021) 55–65, https://doi.org/10.1016/J. 
NIOX.2020.10.004.

[27] A. Luettich, et al., Beneficial effect of sodium nitrite on EEG ischaemic markers in 
patients with subarachnoid haemorrhage, Transl. Stroke Res. (2021), https://doi. 
org/10.1007/S12975-021-00939-9.

[28] T.W. Okell, M.A. Chappell, M.E. Kelly, P. Jezzard, Cerebral blood flow 
quantification using vessel-encoded arterial spin labeling, J. Cerebr. Blood Flow 
Metabol. 33 (11) (Nov. 2013) 1716–1724, https://doi.org/10.1038/ 
jcbfm.2013.129.

[29] M. Labriffe, A. Ter Minassian, A. Pasco-Papon, S. N’Guyen, C. Aubé, Feasibility and 
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