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Abstract

Purpose: The aim of this study was to develop a high-resolution 3D oxygen-17 (17O) MRI 

method to delineate the kinetics of 17O-enriched water (H2
17O) across the entire mouse brain after 

a bolus injection via the tail vein.

Methods: The dynamic 17O signal was acquired with a golden-means-based 3D radial sampling 

scheme. To achieve adequate temporal resolution with preserved spatial resolution, a k-space–

weighted view sharing strategy was used in image reconstruction with an adaptive window size 

tailored to the kinetics of the 17O signal. Simulation studies were performed to determine the 

adequate image reconstruction parameters. The established method was applied to delineating the 

kinetics of intravenously injected H2
17O in vivo in the post-stroke mouse brain.

Results: The proposed dynamic 17O-MRI method achieved an isotropic resolution of 1.21 mm 

(0.77 mm nominal) in mouse brain at 9.4T, with the temporal resolution increased gradually from 

3 s at the initial phase of rapid signal increase to 15 s at the steady-state. The high spatial 

resolution enabled the delineation of the heterogeneous H2
17O uptake and washout kinetics in 

stroke-affected mouse brain.

Conclusion: The current study demonstrated a 3D 17O-MRI method for dynamic monitoring of 
17O signal changes with high spatial and temporal resolution. The method can be utilized to 

quantify physiological parameters such as cerebral blood flow and blood–brain barrier 

permeability by tracking injected H2
17O. It can also be used to measure oxygen consumption rate 

in 17O-oxygen inhalation studies.
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1 | INTRODUCTION

Oxygen-17 MRI (17O-MRI) using 17O-enriched water (H2
17O) as a nontoxic and diffusible 

tracer allows in vivo assessment of cerebral perfusion.1,2 More recently, it has also been used 

to evaluate water exchange across the blood–brain barrier (BBB) and the glymphatic 

pathway of water influx into the cerebrospinal fluid.3–5 With a bolus injection of H2
17O into 

the vascular space, the arterial blood carrying high concentration of H2
17O gives rise to a 

rapid increase of the 17O signal in the brain. Subsequently, the water exchange among the 

capillary, tissue, and cerebrospinal fluid leads to a period of 17O signal decrease, that is, the 

washout phase, until the H2
17O exchange reaches an equilibrium. Similar to positron 

emission tomography studies using oxygen-15–enriched water (H2
15O) as a tracer, the peak 

17O signal and the rate of H2
17O washout are a complex interplay of several physiological 

parameters, including the cerebral blood flow (CBF) and BBB permeability to water.6,7 

Quantitative assessment of these physiological parameters is possible by employing a kinetic 

modeling approach. However, there currently remains the lack of a robust imaging method 

that can capture the changes in absolute H2
17O concentration with adequate spatial and 

temporal resolution.

In a dynamic 17O-MRI study, H2
17O can be detected directly using a coil tuned to the 

resonance frequency of 17O.8–10 It can also be detected indirectly from the proton (1H) 

signal via the T2-shortening effect of the 17O-1H scalar coupling11,12 or by T1ρ-dispersion 

imaging.13,14 Although the indirect method provides high spatial resolution, conversion of 

T2- or T1ρ-weighted signal to H2
17O concentration is complicated by the nonlinear 

relationship between the signal intensity and H2
17O concentration. In contrast, the 17O 

signal acquired using the direct method is not only proportional to H2
17O concentration but 

can also increase by several fold above the baseline level with a mere bolus injection of a 

trace amount of H2
17O. Thus, direct 17O-MRI provides a large dynamic range for 

quantifying the kinetics of signal changes.5 However, a major limitation of the direct method 

is its low signal-to-noise ratio (SNR) due to the low MR sensitivity and low natural 

abundance of 17O. The short T2 of 17O (~4 ms) has also limited the use of the multiecho 

techniques for accelerated image acquisition. As a result, 17O images are typically acquired 

with low spatial resolution in order to gain adequate SNR and temporal resolution.

Previously, we used a golden-ratio-based, stack-of-stars sampling scheme in combination 

with k-space–weighted image contrast (KWIC) reconstruction strategy for improved spatial 

and temporal resolution.15 We were able to achieve a voxel size of 11.25 µL and a temporal 

resolution of 7.56 s in an H2
17O injection study performed on mice. The use of the stack-of-

stars readout, however, limited the further improvement of the spatial resolution along the 

slice direction because increasing the phase-encoding steps inevitably reduces the temporal 

resolution. In contrast, a golden-means-based 3D radial sampling scheme has the advantage 
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of providing isotropic high spatial resolution with a high temporal resolution, as was 

recently demonstrated in a dynamic contrast-enhanced 1H-MRI study by Zhang et al.16 

More importantly, the nearly uniform coverage of the k-space by the golden-means-based 

sampling pattern offers the flexibility of image reconstruction with different temporal 

window sizes. In an H2
17O-injection study, high temporal resolution is necessary to capture 

the rapid signal increase during the injection phase, whereas trading temporal resolution for 

improved SNR is acceptable when the signal approaches steady-state in the washout phase. 

Hence, image reconstruction using adaptive temporal resolution has the potential for more 

accurate delineation of the 17O signal kinetics.

In this study, we aimed at developing a 3D 17O-MRI method for acquiring and processing 

dynamic 17O-MRI data from the entire mouse brain. Data acquisition used a golden-means-

based 3D radial sampling scheme. Dynamic 17O images were reconstructed using a KWIC-

based approach with an adaptive window size ranging from 3 to 15 s. Parametric maps of the 
17O signal kinetics were generated with an isotropic resolution of 1.21 mm (0.77 mm 

nominal). Simulation studies were performed to evaluate the performance of using adaptive 

temporal resolution in quantifying H2
17O uptake and washout kinetics in an H2

17O-injection 

study. Subsequently, the utility of the proposed method for in vivo delineation of H2
17O 

kinetics was demonstrated in a mouse model of acute stroke.

2 | METHODS

2.1 | Data acquisition using golden-means-based 3D radial sampling

The oversampling of the center k-space in a 3D radial trajectory provides the opportunity for 

image reconstruction at high temporal resolution using a KWIC-based image reconstruction 

approach.17 To ensure nearly uniform coverage of the k-space with desired temporal 

resolution, data acquisition used a center-out, golden-means-based 3D radial sampling 

scheme.18 Specifically, the 2D goldenmeans derived from the modified Fibonacci 

sequence,φ1 = 0.6823 and φ2 = 0.4656, were used to determine the azimuthal (α) and polar 

(β) angles of a radial spoke (Figure 1A). For the mth radial spoke, these 2 angles were:

α = 2π ⋅ mod mφ1, 1 ,

β = sin−1 −1 m ⋅ mod mφ2, 1 .
(1)

Dynamic 17O data were acquired with 10-ms repetition time and 0.75-ms echo time. Along 

each radial spoke, 16 data points were acquired with a sampling interval (Δk) of 1/24 mm−1 

and a readout bandwidth of 8012 Hz, leading to a kmax of 15/24 mm−1 with a 2-ms readout 

time. These imaging parameters allowed image reconstruction with a field of view of 24 × 

24 × 24 mm3 and a matrix size of 31 × 31 × 31, corresponding to a nominal resolution of 

0.77 × 0.77 × 0.77 mm3 (0.46 µL).

2.2 | Image reconstruction with adaptive window size

Taking advantage of the oversampling of the center k-space by a radial trajectory, the 

KWIC-based strategy allows image reconstruction at a desirable temporal resolution with 
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preserved spatial resolution.17,19 In the current study, the k-space was partitioned into 10 

concentric shells as illustrated in Figure 1B.

The radius of each shell and the minimal number of radial spokes required to fulfill the 

Nyquist criterion in each shell are listed in Table 1. For the reconstruction of a specific time 

frame, the innermost shell located at the center of the k-space was filled with a few radial 

spokes acquired around that time point, whereas the outer shells were filled by including 

more radial spokes acquired further away from that time point. In combination with view-

sharing, this approach allowed image reconstruction at the temporal resolution (window 

size) that was equivalent to the time spent on acquiring the spokes needed to fill the 

innermost shell. With a 10-ms repetition time, only 0.6 s of data acquisition was needed to 

fully sample the innermost shell, and thus a minimal window size of only 0.6 s. More spokes 

can be incorporated in each shell to improve the SNR with reduced temporal resolution. 

Hence, this KWIC-based view-sharing scheme enabled image reconstruction with flexible 

window size to achieve a balance between SNR and accurate delineation of signal kinetics. 

For a chosen window size, the number of spokes acquired in each shell was increased by the 

same ratio as the chosen window size and the minimal window size, maintaining consistent 

weighting of the sampling density in each shell.

2.3 | Simulation studies

Simulation studies were performed on a modified 3D Shepp-Logan phantom to evaluate the 

efficacy of image reconstruction with adaptive temporal resolution. The phantom comprised 

of 3 compartments with the dynamics of 17O signal in each compartment representative of 

the normal brain tissue, the infarct core, and the ischemic penumbra in a post-stroke mouse 

brain, respectively (Figure 2A). The time courses of the 17O signal in each compartment 

consisted of 3 segments representing the baseline, wash-in, and washout phases in an 

H2
17O-injection study (Figure 2B). The parameters used to simulate the dynamic 17O signal 

are listed in Table S1 of the supplementary materials. The baseline 17O signal was a constant 

normalized to 1. The injection phase was represented by a rapid, linear increase of the signal 

by sixfold to tenfold in 12 s. The washout phase was represented by a monoexponential 

decay of the signal, with the rate constant being the fastest in the normal tissue and the 

slowest in the infarct core.

High-resolution digital phantom was generated on a Cartesian grid with a matrix size of 128 

× 128 × 128 and an field of view of 24 × 24 × 24 mm3. Simulated data were generated by 

radially sampling the phantom using the parameters described above. A total of 25 min 

continuous data acquisition was simulated covering 8 min of baseline and 17 min of H2
17O 

injection and washout. One radial spoke was sampled every 10 ms, leading to a total of 

150,000 spokes along the time course of the 25-min data acquisition. Gaussian noise was 

added to each spoke, with the noise level matching that of the in vivo data. To account for 

the effect of T2
∗ decay, the k-space data were modulated by an exponential function with a 

time constant of 1 ms.

Baseline 17O image was reconstructed using all k-space data acquired during the 8-min 

baseline scan. A Hamming filter was applied to the baseline k-space data to improve the 
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SNR. Varied window size tailored to the dynamics of the signal was used in the 

reconstruction of dynamic 17O data using the KWIC strategy. A 3-s window size was used to 

capture the rapid signal increase after the bolus injection. During the washout phase, the 

window size increased gradually according to the rate of signal change in the center k-space 

(Figure 3A-C). Specifically, the washout part of the center k-space data were fit with an 

exponential function, and the first-order derivative (k) of the exponential function was 

calculated. Subsequently, the window size (W) was calculated as

W = W 0 + ΔW ⋅ round NW 1 − k
k0

, (2)

where W0 is the window size at the start of the washout phase; ΔW is the step size of each 

increment; NW is the number of increment steps; and k0 is the first-order derivative at the 

start of the washout phase. A step size (ΔW) of 3 s and 4 increment steps (NW) were used in 

the current study, which allowed the window size to change gradually from 3 s at the start of 

the washout phase to 15 s at the steady-state. From the reconstructed dynamic images, maps 

of the washout rate, peak, and steady-state of the 17O signal were estimated from pixel-wise 

fitting of the washout curve to a monoexponential function. Parameter estimation using the 

adaptive reconstruction strategy was compared with that using a fixed window size of either 

3 s or 15 s.

2.4 | Phantom studies

All MRI studies were performed on a 9.4T Bruker Biospec scanner (Bruker Biospin Inc., 

Billerica, MA). 17O data were acquired using a custom-built 2-cm surface coil, whereas 1H 

imaging used a 3-cm birdcage coil (M2M Imaging Corp., Cleveland, OH). The point spread 

function (PSF) of the proposed method was measured using a microhematocrit capillary 

tube with an inner diameter of 1 mm. The tube was filled with H2
17O (40% enrichment) and 

placed in parallel to the z-direction of the magnet. 3D 17O data were acquired using the 

golden-means-based sampling scheme. As a comparison, 17O data were also acquired using 

conventional 3D radial sampling. Specifically, radial spokes were sampled at 51 polar angles 

distributed evenly between 0° and 180°. For a specific polar angle β, ⌈32π ⋅ sinβ ⌉ azimuthal 

angles that distributed evenly between 0° and 360° were sampled (⌈ ⋅ ⌉ denotes ceiling 

function). A total of 4,023 spokes were acquired for both the golden-means-based and the 

conventional 3D radial sampling schemes. PSF of 3 different acquisition/reconstruction 

strategies were evaluated, including conventional radial sampling, golden-means-based 

sampling, and golden-means-based sampling combined with KWIC reconstruction using a 

window size of 0.6 or 3 s, respectively. The full-width-half-maximum and the SNR of the 

PSF were compared.

2.5 | In vivo studies

All animal procedures were conducted in accordance with the protocol approved by the 

Institutional Animal Care and Use Committee of Case Western Reserve University. Eight 

male C57/BL6 mice (3- to 6-months old, 29–32 g body weight) underwent transient 

occlusion of the middle cerebral artery (MCA). Specifically, MCA occlusion was induced by 

inserting a silicone-coated filament (Doccol Corp., Sharon, MA) via the external carotid 
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artery and advancing into the internal carotid artery (ICA). The filament was withdrawn after 

60 min to resume cerebral perfusion. Before the closure of the surgical incision, both the 

external carotid artery and the common carotid artery (CCA) were permanently ligated in 3 

mice (the Koizumi procedure), whereas the remaining 5 mice only went through external 

carotid artery ligation (the Longa procedure).20

MRI studies were performed at ~2 hours after the reperfusion. Anesthesia was initiated with 

2% isoflurane mixed with 100% oxygen in an induction chamber and maintained with 0.5% 

to 1.0% isoflurane mixed with 100% oxygen delivered via a nose cone. A 25-gauge catheter 

was inserted into the tail vein. The animal was placed in prone position in a cradle with the 
17O surface coil placed on top of the head. The cradle was then transferred into the 1H 

volume coil placed at the isocenter of the scanner. Body temperature was maintained at 

~35°C by blowing warm air into the scanner through a feedback control system (SA 

Instruments, Stony Brook, NY). Respiration rate was maintained above 80 breaths per min 

by adjusting the level of isoflurane.

T2-weighted 1H images were acquired using a 3D rapid acquisition with relaxation 

enhancement (RARE) sequence. Imaging parameters were TR = 1 s, effective echo time = 

48 ms, echo spacing = 16 ms, echo train length = 8, field of view = 32 × 15 × 15 mm3, and 

matrix size = 160 × 75 × 75. Two signal averages were acquired, leading to a total 

acquisition time of 22 min. These acquisition parameters allowed the coverage of the entire 

mouse brain with an isotropic resolution of 200 µm.

17O data acquisition began with the acquisition of the baseline signal for 8 min. A bolus of 

100 µL of H2
17O (40% enrichment) was injected via the tail vein catheter in 5 to 10 s after 

the baseline scan. 17O data acquisition continued for another 17 min during the injection and 

the washout phase until steady-state was reached. Reconstruction of dynamic 17O data used 

the KWIC strategy with an adaptive window size as described above. The gridded k-space 

data were zero-padded twice before Fourier transform. From reconstructed images, pixel-

wise monoexponential fitting was applied to the washout phase of the dynamic signal, 

yielding maps of the washout rate, peak, and steady-state of 17O signal.

The estimated parameters in the stroke-affected regions were compared to those in the 

contralateral side in selected regions of interest (ROIs). The ROIs were selected according to 

the Allen Mouse Brain Atlas by registering the T2-weighted 1H images to the atlas.21 Five 

ROIs in the MCA perfusion territory were selected, including the somatosensory cortex 

(M1), insular cortex (M2), piriform cortex (M3), auditory cortex (M4), and caudoputamen 

(M5). In addition, one ROI in the perfusion territory of the anterior cerebral artery (ACA)—

the motor cortex (A1); and 2 ROIs in the perfusion territory of the posterior cerebral artery 

(PCA)—the hippocampus (P1) and thalamus (P2)—were also selected. The mean values of 

the washout rate and the peak and steady-state 17O signal in these ROIs were calculated.

2.6 | TTC Staining

The animal was euthanized immediately after the MRI experiments (~4 hours after 

reperfusion). The brain was excised and sectioned into 1-mm thick axial slices. The brain 

slices were incubated in 2% 2,3,5-triphenyltetrazolium chloride (TTC) solution at 37°C for 
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20 min and were flipped at 10 min to ensure even staining on both sides. After incubation, 

the brain slices were washed with phosphate buffered saline and photographed.

2.7 | Statistical analysis

The washout rate and the peak and steady-state 17O signal are reported as mean ± standard 

deviation. Two-way analysis of variance was used for data comparison in the selected ROIs. 

If statistical differences were detected, pair-wise comparisons were performed using a 2-

tailed Student t-test. An unpaired 2-tailed Student t-test was used to compare the estimated 

parameters between MCA occlusion mice with and without CCA ligation. A paired 2-tailed 

Student t-test was used to compare the parameters between the 2 hemispheres, as well as 

between the stroke-affected and the contralateral ROIs. Significant difference was accepted 

at P < .05.

3 | RESULTS

3.1 | Simulation results

Figure 3D shows SNR changes using different image reconstruction strategies, and Figure 4 

shows reconstructed dynamic 17O signals from simulated data. Comparisons of parameter 

estimation using different temporal resolution are shown in Figure 5 and Supporting 

Information Figure S1. There was an overestimation of the peak and steady-state 17 O 

signals in the 2 stroke-related compartments by all 3 methods, which was largely caused by 

signal leakage from the surrounding normal tissue compartment due to the low spatial 

resolution. Although a 15 -s window size gave rise to higher SNR, it was unable to 

accurately capture the dynamics of the signal at the early stage of washout because of the 

strong smoothing effect. As a result, the estimated washout rate constant and peak signal 

showed larger deviations from the ground truth using the fixed 15-s temporal resolution. In 

contrast, the improved temporal resolution using a 3-s window size led to better agreement 

between the mean values of the estimated parameters and the ground truth. However, there 

were large variations in the estimated washout rate due to reduced SNR. Image 

reconstruction using an adaptive window size allowed a relatively constant SNR level, 

achieving a balance between adequate SNR and accurate delineation of 17O signal 

dynamics, which allowed better agreement with the ground truth compared to the 15 s 

window size and up to twofold reduction in the variations of the estimated washout rate 

compared to the 3-s window size.

3.2 | Phantom results

Supporting Information Figure S2 shows the measured PSF using the 1-mm capillary tube. 

The full-width-half-maximum of the PSF acquired using the golden-means-based sampling 

scheme was similar to that acquired using the conventional radial sampling (1.21 mm), 

leading to a true voxel size of 1.77 μL. This measured resolution was approximately 1.57-

fold of the nominal resolution (0.77 mm), which was in agreement with the theoretical 

prediction of the broadening effect inherent to radial sampling.22 KWIC reconstruction 

using different window sizes maintained the full-width-half-maximum of PSF at 1.21 mm. 

However, a 3-s window size yielded ~2.2-fold SNR gain compared to a 0.6-s window size, 

which was in agreement with theoretical prediction.23
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3.3 | In vivo results

Figure 6 shows reconstructed 17O images without zero-padding, overlaid on T2-weighted 

images in the coronal and axial views, as well as dynamic 17O signals from pixels in the 

ipsilateral and the contralateral hemispheres from 2 mice, one with and another without 

CCA ligation. SNR of the reconstructed 17O images ranged from 30.2 to 41.4. Parametric 

maps and the mean values of the washout rate and peak and steady-state 17O signals are 

shown in Figure 7. All of the mice did not show obvious abnormality in T2-weighted 1H 

images at this early time point (about 2 hours after reperfusion). In the normal contralateral 

hemisphere, there was a ~9.2-fold increase in peak 17O signal immediately after the bolus 

injection of H2
17O, whereas accumulation of H2

17O at the steady-state gave rise to a ~4.9-

fold increase above the baseline level. The mean washout rate in the contralateral 

hemisphere was 0.60 ± 0.07 min−1. In comparison, the ipsilateral hemisphere showed a 

significant reduction in the washout rate in mice both with (0.37 ± 0.10 min−1) and without 

(0.53 ± 0.05 min−1) CCA ligation, with the reduction in mice with CCA ligation more 

pronounced (P < .05). In addition, mice with CCA ligation also showed a significant 

reduction in peak H2
17O uptake by 24% (P < .05) and a trend of reduction in steady-state 

H2
17O accumulation in the stroke-affected hemisphere (P = .16). Mice without CCA ligation 

showed less pronounced reduction in peak H2
17O uptake and steady-state H2

17O 

accumulation that did not reach statistical significance (P = .08 and .12, respectively).

Figure 8 and Supporting Information Figure S3 show the comparisons of the H2
17O washout 

rate and baseline-normalized peak H2
17O uptake in selected ROIs, respectively. Compared 

to the contralateral side, there were a 10% to 75% reduction in the washout rate and a 5% to 

40% reduction in peak H2
17O uptake in stroke-affected ROIs. Mice with CCA ligation also 

showed more pronounced reduction in these ROIs compared to mice without CCA ligation. 

For mice with CCA ligation, the most severe reduction (> 30%) in both the washout rate and 

peak H2
17O uptake occurred consistently in the MCA perfusion territory consisting of the 

insular (M2) and the piriform (M3) cortex. In comparison, mice without CCA ligation 

showed the lowest washout rate and peak H2
17O uptake either in the somatosensory (M1) 

cortex or in the piriform (M4) cortex. In addition, the caudoputamen (M5) area showed 

significantly reduced washout rate and peak H2
17O uptake in all mice, although less severe 

than those in the cortical areas described above. Further, the reduced H2
17O kinetics 

occurred not only in the ROIs within the MCA perfusion territory but also in the 

hippocampus (P1) and thalamus (P2), which are in the PCA perfusion territory.

Mice without CCA ligation did not show obvious defects in TTC staining at this early time 

point. Figure 9 and Supporting Information Figure S4 show the TTC staining of a mouse 

with CCA ligation and the variations in H2
17O kinetics in different axial slices from anterior 

to posterior. The infarct lesion mainly spanned the regions of the insular (M2) and the 

piriform (M3) cortex, where the greatest reduction in H2
17O kinetics were observed. 

Changes in H2
17O kinetics in the anteroposterior direction showed a good agreement with 

the TTC staining in the insular (M2) cortex, where the greatest reduction occurred at the 

slice with TTC-stained lesions. The washout rate in the piriform (M3) cortex remained low 

in all slices.
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4 | DISCUSSION

In the current study, we developed and validated a dynamic 3D 17O-MRI method using a 

golden-means-based 3D radial sampling scheme. Image reconstruction used the KWIC 

strategy with an adaptive window size (3 to 15 s) tailored to the rate of signal changes. This 

approach enabled the delineation of the uptake and washout of intravenously injected H2
17O 

in the entire mouse brain with an isotropic spatial resolution of 1.21 mm (0.77 mm nominal) 

at 9.4T. The efficacy of using this method for in vivo delineation of altered H2
17O kinetics in 

acute post-stroke mouse brain was evaluated. Reduced peak uptake and washout rate of 

H2
17O were observed in the stroke-affected regions. Further, the areas that showed the most 

pronounced reduction in 17O kinetics, the insular and piriform cortex, were in good 

correlation with the infarct core identified in TTC staining.

The dynamic process of H 217O uptake and washout after a bolus injection is highly 

dependent on CBF.24 The significant reduction in H2
17O uptake and washout rate in the 

stroke-affected regions suggests compromised perfusion. Further, considerably more severe 

reduction was observed in mice with CCA ligation due to the disruption of the vascular 

pathway between CCA and MCA. These observations are in agreement with previous 

studies by both laser Doppler and MRI. 20,25,26 The improved spatial resolution of the 

current 3D 17O-MRI method also enabled the analysis of regional variations in H2
17O 

kinetics. The most pronounced reduction in H2
17O uptake and washout rate occurred in the 

insular and piriform cortex within the MCA perfusion territory. The hippocampus and 

thalamus within the PCA perfusion territory also showed reduced peak uptake and washout 

rate of H 217 O, especially in mice with CCA ligation. Because PCA in mice receives blood 

supply mainly from the ICA downstream to the CCA, 25,27–29 the residual perfusion from 

collateral circulation to PCA may be lower with a disrupted CCA-ICA-PCA pathway. 

Further, hippocampus and thalamus can also develop secondary ischemic lesion due to their 

proximity to the MCA perfusion territorty.30,31

Previous studies have estimated CBF from the washout rate of metabolically generated 

H2
17O after a brief period of 17O-oxygen (17O2) inhalation.24,32 Compared to the inhalation 

studies, the washout rate of intravenously injected H 217O observed in the current study was 

~10% higher.31 This difference could be due to the diffusion of metabolically generated 

H2
17O from the mitochondria to the extracellular space. In principle, absolute quantification 

of CBF from dynamic 17O studies can be achieved by kinetic analysis using compartment 

models that incorporate the major physiological processes of H2
17O transport and exchange. 

However, measurement of the arterial input function (AIF) for kinetic analysis remains a 

challenge in rodents given the current spatial resolution. Alternatively, Zhang et al. used 

implanted vascular coil to measure AIF in rat carotid artery.33 It was shown that H2
17O 

concentration in the carotid artery reached a new steady-state in < 2 s after a bolus injection. 

Hence, H2
17O washout rate fitted to a monoexponential function could correlate well with 

CBF if the first 2 s of the washout period is excluded from fitting. However, the accuracy 

and robustness of this approach in quantifying CBF in mice remain to be evaluated.

MRI is a versatile tool that allows the assessment of multiple aspects of the post-stroke 

pathology. Although most investigations using MRI have focused on diffusion- and -
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perfusion-weighted MRI to evaluate the structural and vascular changes in poststroke brain,
34 it is increasingly recognized that assessing BBB integrity that allows better prediction of 

the risk for hemorrhagic transformation is important to optimal therapeutic selection.35 

Large molecules such as Evans blue and gadolinium-based contrast agent have been used to 

evaluate BBB integrity36–38; quantification of water exchange across the BBB may provide 

a more sensitive method for detecting subtle changes in BBB permeability.39–42 Previous 

studies have demonstrated the efficacy of using H2
17O as a tracer in detecting altered BBB 

permeability to water.3,5 Developing compartment modeling approaches for simultaneous 

quantification of CBF and BBB permeability to water could be an important direction of 

future work. Recent studies using gadolinium-based contrast agent also suggest 

compromised glymphatic perfusion after stoke.43 H2
17O provides a physiological tracer for 

assessing glymphatic perfusion that can complement gadolinium-based contrast-enhanced 

MRI studies.3,4 Further, metabolic integrity is the hallmark of the salvageable penumbra.
44 17O-MRI can also be applied to 17O2 inhalation studies for quantification of cerebral 

metabolic rate of oxygen in post-stroke brain.45

The use of non-Cartesian trajectories such as radial and twisted projection in 17O-MRI 

allows ultra-short echo-time imaging that minimizes signal loss due to T2
∗ decay.46–48 For 

dynamic imaging, the oversampling of the center k-space by these trajectories also enables 

KWIC-based image reconstruction at high temporal resolution without sacrificing the spatial 

resolution.17 This reconstruction strategy is further facilitated by the golden-means-based 

sampling scheme that provides nearly uniform coverage of the k-space at any number of 

spokes.18 Hence, temporal resolution can be determined retrospectively based on signal 

kinetics. In the current study, a k-space filter with an innermost shell that encompassed 75% 

of the total energy in the k-space was used in image reconstruction. Because the kinetics of 

signal change showed a wide range of variations from very rapid increase at the injection 

phase to near equilibrium at the steady-state, an adaptive window size determined by the rate 

of signal changes was used in image reconstruction for improved SNR with adequate 

temporal resolution. Our simulation results suggest that such an approach can lead to 

reduced parameter estimation errors.

Whereas the current study showed promises in improving the spatial and temporal resolution 

of 17O-MRI, the method can be further improved by exploiting a priori knowledge of the 

signal dynamics. Previous 1H-MRI studies have shown that applying model-based temporal 

constraints can lead to improved parameter estimation from undersampled data for both 

T1/T2 mapping and dynamic contrast-enhanced studies.49–51 Similar to dynamic contrast-

enhanced studies, the time course of 17O signal changes in an injection study can be 

approximated by a rapid, linear increase during injection and a monoexponential decay 

during the washout phase. Using this signal model in image reconstruction will likely 

improve the robustness of the estimation of H2
17O uptake and washout parameters. 

Alternatively, training denoising neural networks to identify signal components that are 

consistent with the tracer kinetic model from noise-corrupted data can also be employed to 

improve the accuracy of parameter estimation.52
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In conclusion, this study demonstrated a promising 17O-MRI method for studying the 

kinetics of intravenously injected H2
17O in mouse brain with improved spatial and temporal 

resolution. This method provides an opportunity for longitudinal evaluation of cerebral 

perfusion and water regulation in neurological diseases such as stroke.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Schematics of data sampling and image reconstruction. (A) Golden-means-based radial 

sampling. α and β are the azimuthal and polar angles of a radial spoke, respectively. (B) 

KWIC-based image reconstruction. Only 3 concentric shells in the partitioned k-space are 

shown. Number of spokes used in image reconstruction increased from the inner to outer 

shells. KWIC, k-space–weighted image contrast.
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FIGURE 2. 
In silico phantom for simulation studies. (A) Three-compartment phantom. (B) Ground-truth 

dynamic 17O signals for each of the 3 compartments. 17O, oxygen-17; I, infarct core; N, 

normal tissue; P, penumbra.
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FIGURE 3. 
Image reconstruction using adaptive temporal resolution. (A) The exponential fitting of 

center k-space data acquired during the washout phase. (B) The magnitude of the first-order 

derivative of the exponential curve. (C) The variable window size chosen for image 

reconstruction. (D) Comparison of SNR of images reconstructed using adaptive and fixed 

temporal resolution.
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FIGURE 4. 
Reconstructed dynamic 17O signals from simulation study using adaptive and fixed temporal 

resolution. (A) Comparison between adaptive and 15-s resolution. (B) Comparison between 

adaptive and 3-s resolution. The inset figures show the first 2.5 min of the washout phase.
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FIGURE 5. 
In silico comparison of parameter mapping using adaptive and fixed temporal resolution. (A) 

Parametric maps of washout rate (top) and peak (bottom) 17O signal. (B) Boxplots of 

washout rate (top) and peak (bottom) 17O signal in each compartment.

Gu et al. Page 19

Magn Reson Med. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 6. 
Representative 17O images and dynamic 17O signals in post-stroke mouse brain. (A) T2-

weighted images and reconstructed 17O images at baseline, 12 s, and 15 min post-H2
17O 

injection. (B) Baseline-normalized dynamic 17O signals in pixels from the ipsilateral (blue) 

and contralateral (red) hemispheres. The locations of the pixels are marked in the T2-

weighted images in (A).
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FIGURE 7. 
Parameters of 17O signal kinetics in the ipsilateral and contralateral hemispheres of MCAO 

mice. (A) H2
17O washout rate; (B) peak 17O signal; (C) steady-state 17O signal. Top: 

parametric maps. Bottom: comparison of group-averaged parameters. *P < .05. H2
17O, 17O-

enriched water; MCAO, middle cerebral artery occlusion.
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FIGURE 8. 
Parameter comparisons in selected ROIs. (A) Segmentation of 8 ROIs. (B) Group-averaged 

H2
17O washout rate in the ipsilateral (solid bars) and contralateral (open bars) ROIs. A1, 

motor cortex (dark blue); M1, somatosensory cortex (blue); M2, insular cortex (light blue); 

M3, piriform cortex (green); M4, auditory cortex (cyan); M5, caudoputamen (brown); P1, 

hippocampus (yellow); P2, thalamus (red); ROI, region of interest.
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FIGURE 9. 
Correlation between 17O kinetics and TTC staining. (A) TTC staining of a mouse with CCA 

ligation. Arrow indicates the infarct lesion. (B) Anteroposterior changes in H2
17O washout 

rate in selected ROIs. Closed and open circles represent ipsilateral and contralateral ROIs, 

respectively. Position (Pos) indicates distance relative to the slice with TTC-stained lesion, 

with negative sign on the anterior side and positive sign on the posterior side. CCA, common 

carotid artery; Pos, position.
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TABLE 1

Partition of k-space for KWIC reconstruction

Shell no. Radius (Δk steps) No. Spokes

1 2 60

2 3 129

3 4 277

4 5 406

5 6 595

6 7 872

7 9 1278

8 11 1873

9 13 2745

10 15 4023

Radius: outer radius of each shell in number of Δk steps.

No. spokes: minimal number of spokes required to fulfill the Nyquist criterion for each shell.

Abbreviation: KWIC, k-space–weighted image contrast; Δk, k-space sampling interval.
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