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Abstract

Purpose—Ischemic stroke is a leading cause of disability worldwide. The volume of necrotic 

core in affected tissue plays a major role in selecting stroke patients for thrombolytic therapy or 

endovascular thrombectomy. In this study we investigated a recently reported PET agent 2-

deoxy-2-[18F]fluoro-D-glucaric acid (FGA) to determine necrotic core in a model of transient 

middle cerebral artery occlusion (t-MCAO) in mice.

Procedures—The radiopharmaceutical, FGA, was synthesized by controlled, rapid, and 

quantitative oxidation of clinical doses of 2-deoxy-2-[18F]fluoro-D-glucose (FDG) in a one-step 

reaction using a premade kit. Brain stroke was induced in the left cerebral hemisphere of CD-1 

mice by occluding the middle cerebral artery for 1 h, and then allowing reperfusion by removing 

the occlusion. One day post ictus, perfusion SPECT was performed with 99mTc-lableled 

hexamethylpropyleneamine oxime (HMPAO), followed by PET acquisition with FGA. Plasma and 

brain tissue homogenates were assayed for markers of inflammation and neurotrophins.

Results—The kit-based synthesis was able to convert up to 2.2 GBq of FDG into FGA within 5 

min. PET images showed 375% more accumulation of FGA in ipsilateral hemisphere than in the 

contralateral hemisphere. SPECT images showed that ipsilateral HMPAO accumulation was 

reduced to 55% of normal levels; there was significant negative correlation between ipsilateral 

accumulation of FGA and HMAPO (p < 0.05). FGA accumulation in stroke also correlated with 
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IL-6 levels in the ipsilateral hemisphere. There was no change in IL-6 or TNF-α in the plasma of 

stroke mice.

Conclusions—Accumulation of FGA correlated well with the perfusion defect and 

inflammatory injury. As a PET agent, FGA has potential to image infarcted core in the brain stroke 

injury with high sensitivity, resolution, and specificity.
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Introduction

Stroke is a cerebrovascular disease associated with sudden loss of neurologic function. It 

affects more than 800,000 individuals every year [1]. More than 80% of brain strokes are 

ischemic, caused by interruption of blood supply to the brain from thrombotic or embolic 

cerebrovascular occlusion, and the rest are categorized as hemorrhagic [2]. Ischemic stroke 

is a time-sensitive event requiring immediate recognition and intervention to salvage viable 

tissue which is threatened by hypoperfusion. A failed or delayed diagnosis of stroke is a 

missed opportunity for prompt treatment to alter an otherwise poor prognosis. It is believed 

that mortality and morbidity associated with stroke can be significantly reduced if location 

and extent of injury are divulged early after symptoms emerge [8, 9]. Depending on the 

regional perfusion thresholds, ischemic stroke comprises of 3 regions- olegemic (above 18–

20 ml/100 g/min, but below normal 50–60 ml/100 g/min), penumbra (~10–18 ml/100 g/

min), and infarct (less than 10 ml/100 g/min). Olegemic tissue shows no functional 

impairment, but penumbra transitions into infarction within 6 h post ictus, if left unattended 

[3]. A large infarct characterized by widespread necrosis predicts poor patient outcome and 

correlates with an increased risk of cerebral hemorrhage upon reperfusion [4–5]. Given the 

dynamic evolution of ischemic penumbra into infarct, accurate and rapid delineation of these 

regions is critical for clinical decision to salvage metabolically viable tissue.

In the context of urgency in diagnostic evaluation of brain stroke, it is noteworthy that the 

efficacy of tissue plasminogen activator (t-PA) therapy in stroke patients is limited to the first 

4.5 h post ictus [6–7]. Selection of patients for surgical embolectomy is also dependent on 

diagnostic information about the volume of stroke core which is an area of irreversible brain 

damage [8–9]. Diffusion magnetic resonance imaging (MRI) is the gold standard for 

evaluation of stroke core, but it involves a lengthy procedure. Therefore, stroke core is 

commonly estimated from perfusion computed tomography (CTP). However, CTP is very 

operator-dependent and requires infusion of iodine contrast. Moreover, MR imaging with or 

without contrast in the acute phase may be obscured by an underlying neoplastic lesion, 

vascular mass or stroke-associated microhemorrhages and hematomas [10].

In this article we describe an application of positron emission tomography (PET) infarct-

avid agent 2-deoxy-2-[18F]fluoro-D-glucaric acid (FGA) for determining necrotic areas in 

ischemic stroke in a mouse model. Our lab has previously shown that FGA can delineate 

myocardial necrosis in a chemically induced myocardial infarction model [11]. We 

hypothesized that FGA will accumulate in cerebral infarct inversely to perfusion. Agents 
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that target necrosis typically have an intracellular molecular target, but are unable to cross 

intact cell membranes [12–13]. During necrosis, disruption of the cell membrane allows 

these agents to bind to their targets. Putatively, radiolabeled glucaric acid is believed to bind 

to positively charged histone proteins [11, 14].

Materials and Methods

Synthesis of FGA and quality control

We synthesized FGA from commercially available 2-deoxy-2-[18F]fluoro-D-glucose (FDG). 

The pre-formulation data leading up to a kit has been published elsewhere [11]. A typical kit 

vial contained a lyophilized mixture of 0.8 mg of 2,2,6,6-tetramethyl-1-piperidinyloxy or 

TEMPO (Sigma-Aldrich, St. Louis, MO), 8 mg of sodium bromide (NaBr, Mallinckrodt, 

Paris, Kentucky, USA), and 24 mg sodium bicarbonate (NaHCO3, Sigma-Aldrich). For 

conversion of FDG into FGA, FDG was introduced into the vial in presence of 20 μL NaOCl 

(14% available chlorine, Alfa Aesar, Tewksbury, MA). After 5 min, the reaction was stopped 

and the mixture was neutralized by 1.5 mL of 0.2 M hydrochloric acid (HCl). The resultant 

product was drawn into a syringe for injection via a 0.2 μm syringe filter. The presence of 

FGA and FDG in the final preparation was monitored by thin-layered chromatography 

(TLC) as described elsewhere [11].

Mouse model of transient middle cerebral artery occlusion (t-MCAO)

Animal experiments were conducted in accordance with NIH animal care and use guidelines 

and were approved by the IACUC at the University of Oklahoma Health Sciences Center. 

Focal brain ischemia by t-MCAO was induced in mice as described in detail previously [15]. 

Male CD-1 mice (2–3 mo; 25–30 g) were obtained from Charles River lab (San Diego, CA) 

and acclimatized for at least 3 days. Mice were anesthetized with 1.5% isoflurane in a 

stream of oxygen during surgery. Middle cerebral artery was occluded by inserting a 15 mm 

monofilament 6–0 nylon suture with tip diameter of 0.2–0.3mm. The monofilament was 

secured in place and the skin incision was closed by ligature. After 1 h, the monofilament 

was withdrawn to allow tissue reperfusion. Sham-operated mice underwent surgery without 

occlusion and reperfusion steps.

Perfusion imaging by single photon emission tomography (SPECT)

Perfusion deficit created by arterial occlusion was detected by SPECT using 99mTc-labeled 

hexamethylpropyleneamine oxime (HMPAO). Approximately 2.5 mCi (92.5 MBq) of 

HMPAO in 150 μL volume was injected via tail vein of a mouse under isoflurane anesthesia. 

At 1 h post injection, mice were re-anesthetized and placed in the NanoSPECT machine 

(Bioscan, Washington DC). Helical SPECT of the brain was acquired in 24 frames of 45 sec 

each. After SPECT imaging, the mice were immediately set up for PET imaging.

Infarct imaging by PET and uptake of FGA in ipsilateral cerebral hemisphere

Isoflurane-anesthetized mice were injected with 92.5 MBq (2.5 mCi) of FGA via a tail vein 

(150–200 μL). At 1 and 2 h post-injection, list-mode data acquisition was performed for 10 

min using a PET-CT machine (Gamma Medica Ideas, Northridge, CA). After live animal 

imaging was accomplished, the mice were euthanized and their skull and brain were 
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removed for ex vivo PET acquisition for 10 min. In a separate cohort, mice were injected 

with 250 μCi (9.2 MBq) of FGA (200 μL) for counting of tissue-associated radioactivity in 

ipsilateral versus contralateral cerebral hemispheres. Mice were euthanized 1 h after FGA 

injection and brain was carefully removed. Right and left hemispheres were separated at the 

midline, placed in separate cryo-vials, weighed, and counted in a well counter 

(Ludlum-2200, Sweetwater, TX). Tissue-associated counts were background subtracted and 

radioactivity was decay-corrected to injection time.

Histology

Approximately 24 h post-ictus, mice were deeply anaesthetized with isoflurane (4%) and 

euthanized by decapitation. The brain was quickly removed and sectioned coronally into 

slices of 1 mm thickness. Slices were incubated in a 1% solution of 2,3,5-

triphenyltetrazolium chloride (TTC) in phosphate-buffered saline at 37 °C (in water bath) for 

20 min and then fixed by immersion in 4% buffered formaldehyde solution. Images of TTC-

stained slices were acquired by digital camera, and areas of both hemispheres and the 

infarcted regions were quantified using Amira image analysis software (Fei-Thermo Fisher, 

Hillsboro, Oregon). We measured the areas of brain edema by increase in area in the 

ipsilateral (ischemic) hemisphere compared to the contralateral (non-ischemic) hemisphere 

[16].

Cytokine (IL-6 and TNF-α) enzyme-linked immunoassay (ELISA)

IL-6 and TNF-α were determined in brain tissue and plasma samples using ELISA kits and 

following the manufacturer’s recommendations (BioLegend, San Diego, CA). To prepare 

tissue homogenate, brain tissue was homogenized in PBS containing phosphatase arrest I 

and mammalian protease arrest (G-Biosciences, St Louis, MO). Protein concentration in 

tissue homogenate was determined by Pierce bicinchoninic acid assay (Thermo Fisher, 

Hillsboro, Oregon). Samples were run in duplicate and normalized to protein concentration. 

Plasma samples were run undiluted for TNF-α and at a 5-fold dilution for IL-6.

Brain-derived nerve factor (BDNF) and nerve growth factor (NGF)-β

Mouse BDNF and NGF-β ELISA kits were purchased from Boster Biochem (Pleasanton, 

CA). Tissue samples were processed as described above for IL-6 and TNF-α assays.

Data analysis

Data are presented as the mean ± standard error of mean. Two group comparisons were done 

with a Student’s unpaired t-test. P values in figures are expressed as p < 0.05 (*), p < 0.01 

(**), p < 0.001 (***), or p < 0.0001 (****). Correlation was assessed with linear regression 

and R2 goodness of fit. SPECT and PET images were analyzed by region of interest (ROI) 

analyses and tracer accumulation was compared in matched regions of SPECT and PET 

images. Accumulation in each section was measured with the material statistics application 

of Amira 6 software (Thermo Fisher Scientific, Waltham, MA).
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Results

Synthesis of FGA from kit-enabled oxidation of FDG

Synthesis of FGA was accomplished in a quantitative manner from rapid oxidation of FDG 

in an optimized kit. Synthesis was routinely completed within 5 min of initiation and no 

untoward reaction side products were observed.

Mouse model of t-MCAO

Figure 1A shows the timeline of surgery and imaging. Ischemic duration of 1 h was followed 

by approximately 16 h of reperfusion. Afterwards, the mice were subjected to SPECT and 

PET imaging sessions. Figure 1B shows typical TTC-stained slices of brain from sham and 

stroke mice. Necrosis is known to set in within minutes of cerebral vessel occlusion because 

the viability of brain is entirely dependent on a continuous blood supply. We observed large 

areas of necrotic tissue and significant brain edema in the ipsilateral hemisphere of mice 

with t-MCAO. Viable tissue with intact mitochondrial function was stained dark red by 

TTC, whereas infarcted tissue remained unstained. Digital pictures of TTC-stained slices 

were used to measure brain edema (swelling) associated with stroke. Edema was quantified 

as the difference in area of the ipsilateral hemisphere and that of the contralateral 

hemisphere on slice basis. As shown in Figure 1C, compared to the contralateral area, 

ipsilateral hemisphere showed a significant increase.

Inflammatory cytokines and neurotrophins

Inflammatory cytokines IL-6 and TNF-α were investigated in brain tissue and plasma 

samples obtained from sham-operated and stroke mice (Figure 2). IL-6 concentration was 

approximately 30 pg/mg in brain tissue from sham mice as compared to 2,500 pg/mg in 

ipsilateral tissue from stroke mice (Figure 2A). Tissue levels of TNF-α appeared to increase 

due to stroke, but the increase was not statistically significant (Figure 2B). In plasma 

samples, there was no significant alteration in IL-6 or TNF-α between the stroke and sham 

group (Figure 2C and 2D, respectively).

Levels of neurotrophins BDNF and NGF-β were investigated in the ipsilateral hemispheres 

collected 24 h post-stroke. We observed a significant decrease in levels of BDNF in stroke 

brain tissue as compared to that in sham brain tissue (Figure 3A). This observation of a 

decrease in BDNF concentration in the ipsilateral brain tissue is in congruence with other 

reports [17–18]. However, plasma levels of BDNF in pooled plasma samples from our 

model was undetectable (data not shown). Moreover, there was no change in brain levels of 

NGF-β (Figure 3B).

Accumulation of FGA in stroke

We determined radioactivity counts (counts per min or CPM) in brains excised from stroke 

and sham mice. As expected, the ipsilateral to contralateral (I/C) counts ratio in sham 

operated mice was close to 1, meaning that the ipsilateral and contralateral hemispheres 

accumulated the same amount of radioactivity (Figure 4A). On the other hand, in stroke 

mice the ipsilateral hemisphere accumulated almost twice the FGA as compared to the 

contralateral hemisphere. When FGA accumulation ratio (ipsilateral/contralateral) was 
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compared with ipsilateral brain tissue IL-6 levels, we found a significant correlation between 

the two (Figure 4B).

Perfusion imaging with HMPAO/SPECT versus FGA/PET imaging in stroke mice

We found that there was a generalized lack of accumulation of HMPAO in the ipsilateral 

hemisphere as compared to the contralateral hemisphere (Figure 5A). It is noteworthy that 

the area of perfusion defect depicted by HMPAO/SPECT was larger than the histological 

infarct size shown by TTC staining. Image analysis showed that HMPAO accumulation in 

the ipsilateral hemisphere decreased to 45% of normal levels- 5,950 CPM/mm3 in normal 

brain tissue compared to 3,270 CPM/mm3 in ipsilateral tissue (Figure 5B). In contrast to the 

HMPAO/SPECT perfusion images, FGA/PET images showed accumulation of FGA in the 

stroke region of the ipsilateral hemisphere. Initial in vivo FGA/PET images were difficult to 

interpret due to the small volume of injury surrounded by non-specific accumulation of FGA 

in the nasopharyngeal region. From ex vivo imaging, we found that there was significantly 

more accumulation of FGA in the ipsilateral hemisphere as compared to the contralateral 

hemisphere (Figure 5C). Digital analysis of brain PET images also showed an increase in 

CPM/mm3 in ipsilateral tissue; ipsilateral tissue accumulated 34.2 ± 9.2 CPM/mm3 and the 

contralateral tissue accumulated 9.0 ± 6.7 CPM/mm3 (Figure 5D). This region of increased 

FGA accumulation correlated very well with the infarct region depicted by TTC staining 

(Figure 5E). When FGA accumulation was compared with HMPAO accumulation in the 

same spatial plane, we found that the two were negatively correlated (p = 0.0054), indicating 

that areas with poor perfusion and low HMPAO accumulation, accrued significant amounts 

of FGA (Figure 5F).

Following the above-described comparison between HMPAO/SPECT and FGA/PET, we 

recruited another set of three mice with t-MCAO for in vivo PET within 3 h of stroke 

surgery which is clinically more relevant. Images were acquired 1–2 h after injecting 7 – 8 

MBq FGA. As shown in Figure 6, FGA/PET clearly delineated ipsilateral hemisphere from 

the contralateral hemisphere.

Discussion

Results of our study indicate that FGA/PET allows accurate imaging of necrotic tissue 

within the ischemic area of the brain, directly visualizing the stroke core. Direct 

visualization of necrotic core is very different from conventional practice of CTP in which 

the stroke core is estimated by the volume of iodine contrast delivered to infarcted brain 

tissue. In CTP studies, cerebral blood volume (CBV) of < 2 mL/100 g is thought to correlate 

with the infarcted core [19]; however, the accuracy of CTP often suffers from incorrect 

selection of arterial inflow point, venous outflow point, and suboptimal timing of contrast 

infusion [20]. One study showed that observer variability for CBV from CTP study was 11–

18% [21]. In addition, CTP cannot identify small infarcts and has poor sensitivity for infra-

tentorial strokes [22]. In contrast, FGA/PET can potentially detect small infarcts with high 

precision as shown by the results in this mouse model of ischemic stroke. Accurate 

determination of the stroke core follows current trends in clinical acute ischemic stroke 

research. Recently published DAWN and DEFUSE-3 trials showed that endovascular 
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thrombectomy for acute ischemic stroke patients may be performed even 24 h after onset of 

symptoms. Both studies put ischemic core volume as a major selection criteria for 

endovascular intervention: 70 mL at 16 h and 50 ml at 24 h [8–9]. A better method for 

ischemic core delineation should improve clinical decision making [23]. FGA/PET may also 

provide certain advantages when compared to MRI. Diffusion-perfusion MRI images tend to 

overestimate ischemic penumbra due to inclusion of oligemic tissue [24–26]. Additionally, 

there is lack of consensus on thresholds employed for delineating diffusion-perfusion 

deficits in MRI. These issues were highlighted in a study comparing MRI data with the data 

obtained from PET using an ischemia-specific agent, [18F]fluoromisonidazole (FMISO). 

FMISO accumulates in ischemic, but not necrotic tissue, while lesions in diffusion-weighted 

MR images are known to include necrotic core and portions of ischemic penumbra [25, 27].

Application of PET imaging in the management of stroke and occlusive cerebrovascular 

diseases is mostly related to quantitation of cerebral blood flow (CBF), CBV, cerebral 

metabolic rate of oxygen, and cerebral metabolic rate of glucose [28]. In these studies, 18F 

(T1/2 = 110 min), very short-lived 15O (T1/2 = 2 min) and 11C (T1/2 = 20 min) imaging 

agents are employed. For example, CBF determination with [15O]H2O/PET is widely 

recommended for moyamoya- a chronic stenoocclusive vasculopathy affecting the terminal 

internal carotid arteries [29]. Although information about region-specific metabolism 

derived from PET studies is unmatched in value, its diagnostic utility in stroke is limited to 

CBF evaluations due to the technical logistics and complex data analyses algorithms [28]. 

Even then, ischemia imaging with FMISO/PET has shown close correlation with patient 

outcome post-stroke by quantifying penumbra [30–31]. However, FMISO only accumulates 

in ischemic tissue and is excluded by necrotic core (infarct). Since the growth of the necrotic 

region is a dynamic process, the evolution of the ischemic area into a necrotic tissue can 

only be assessed by an infarct-avid agent. It is believed that infarct-avid agents can detect 

infarction as soon as 30 min after blood flow is blocked [32], facilitating rapid patient 

assessment and evidence-based treatment. FGA/PET has a potential to fill this unmet 

medical need of infarct core quantitation [33]. Another radiolabeled glucaric acid product, 
99mTc-labeled glucarate, has also been previously investigated for SPECT in a rat model of 

MCAO [34] as well as in myocardial infarct by several groups with some success [35–37]. 

Like 99mTc-labeled glucarate, FGA targets early cellular changes that occur in infarction, 

which enables it to localize an infarct, even in patients with subtle symptoms or metabolic 

perturbations [11, 14]. In addition, FGA undergoes rapid clearance and does not accumulate 

in normal brain which would otherwise create imaging artifacts [11].

Among various easily assayable plasma markers of stroke severity, IL-6 is considered as an 

early clinical marker [38–39]. A previous animal study also reported elevated plasma levels 

of inflammatory markers (IL-6 and TNF-α) 24 h post ictus [40]. However, plasma levels of 

these inflammatory markers were not altered in our model by localized brain injury; at the 

same time, brain tissue levels of IL-6 and TNF-α were increased which is consistent with 

another published report [41]. It is possible that the severity of injury was not sufficient to 

cause systemic inflammatory response in our model. Based on the observation that brain 

tissue IL-6 levels and FGA accumulation in injured tissue correlated very well (Figure 4b), 

FGA/PET can have utility in assessment of the extent of tissue damage using non-invasive 

imaging.
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Like perfusion data from CTP for discrimination of penumbra from infarcted tissue [42–43], 

perfusion information from HMPAO/SPECT has also been employed to determine brain 

tissue salvageability [44–45]. Perfusion parameters detected by HMPAO/SPECT have been 

shown to correlate very well with peak and mean transit time parameters determined by CTP 

[46]. It can also determine cerebrovascular reserve in stroke patients [47]. In rat models, 

HMPAO/SPECT showed reduced perfusion as soon as 2 h [48] and as late as 24 h post-

stroke [49]. In a coagulated model of permanent occlusive stroke, Ceulemans et al. observed 

a 20% decrease in HMPAO accumulation 24 h post-stroke [50]. In our model, we observed a 

45% decrease in ipsilateral accumulation of HMPAO as compared to contralateral tissue 24 

h after stroke. Compared to HMPAO, ipsilateral accumulation of FGA was 375% more than 

that in the contralateral hemisphere. FGA accrual in the ipsilateral hemisphere strongly 

correlated with a corresponding reduction in HMPAO accumulation.

Conclusions

Development of an imaging technique that can positively localize infarcted tissue in the 

brain stroke with high sensitivity and specificity improves the diagnostic accuracy, which 

can allow better selection of patients for endovascular intervention. In this study, we 

demonstrated the feasibility of FGA/PET in a mouse model of t-MCAO stroke. FGA 

accumulation strongly correlated with inflammatory marker IL-6 in brain tissue as well as 

with perfusion indicator HMPAO. Clear delineation of infarct by FGA/PET is expected to 

complement other imaging modalities in identifying patients who would benefit from 

revascularization, and exclude those at a high risk of hemorrhage. This role of FGA/PET is 

likely to expand upon further testing and as more data become available.
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Figure 1: 
Brain stroke model in mice. (A) Timeline of imaging where HMPAO and FGA imaging is 

done 1 day after stroke surgery. (B) Representative TTC-stained brain slices in stroke and 

sham mice. Stroke mice developed a large area of necrosis (arrow, white area) in the 

ipsilateral hemisphere. (C) Cerebral edema depicted by increase in area covered by 

ipsilateral hemisphere as compared to the contralateral hemisphere in 46 TTC-stained brain 

slices from 5 mice (*p < 0.05).
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Figure 2: 
Inflammatory markers in brain and plasma. (A) IL-6 levels in ipsilateral brain tissue (n = 6). 

(B) TNF-α levels in ipsilateral brain tissue (n = 6). (C) IL-6 levels in plasma (n = 9 from 

sham group and n = 8 from stroke group). (D) TNF-α levels in plasma. (*p < 0.05; ND= not 

detected; n = 3 each from sham and stroke groups).
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Figure 3: 
Concentration of neurotrophin levels in the brain. (A) BDNF levels (n=5). (B) NGF-β levels 

(n = 5 from stroke group and n = 6 from sham group).
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Figure 4: 
Accumulation of FGA in the brain stroke. (A) Ipsilateral to contralateral ratio (I/C) of FGA 

counts in stroke mice (n = 5) is almost twice as high as in sham mice (n = 4). (B) Correlation 

of FGA I/C ratio with IL-6 levels in ipsilateral tissue (n = 4 from sham group and n = 5 from 

stroke group).
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Figure 5: 
Representative nuclear images of the brain stroke. (A) HMPAO/SPECT images showing 

perfusion deficit in ipsilateral hemisphere (n = 3). (B) Accumulation of HMPAO in 

ipsilateral versus contralateral hemisphere. (C) FGA/PET images showing necrotic region of 

the ipsilateral hemisphere (n = 3). (D) Accumulation of FGA in ipsilateral versus 

contralateral hemisphere. (E) TTC stained brain slices showing the area of necrosis (white 

region) primarily in the middle 2 slices of the brain Displayed images are coronal brain 

slices moving from the posterior (top row) to the anterior (bottom row) brain. (F) Correlation 

between FGA accrual and HMPAO accumulation in the ipsilateral hemisphere in mice with 

stroke (*p < 0.05).
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Figure 6: 
FGA/PET images acquired within 3 h of stroke in mice model of t-MCAO. (A) Location of 

digital slicing in front of Bregma (white arrow heads) in super-imposed CT images is shown. 

(B-D) Views of FGA/PET images showing FGA accumulation in ipsilateral hemisphere 

(arrow) in mice with t-MCAO in left hemisphere. High level of sinus activity is also seen in 

the transaxial slices (black arrow heads).
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