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Abstract

Traumatic Brain Injury (TBI) affects approximately 2.5 million people in the United States, of 

which 80% are considered to be mild (mTBI). Previous studies have shown that cerebral glucose 

uptake and metabolism are altered after brain trauma and functional metabolic deficits observed 

following mTBI are associated with changes in cognitive performance. Imaging of glucose uptake 

using [18F] Fluorodeoxyglucose (FDG) based Positron Emission Tomography (PET) with 

anesthesia during the uptake period demonstrated limited variability in results, but may have 

depressed uptake. Anesthesia has been found to interfere with blood glucose levels, and hence, 

FDG uptake. Conversely, forced cognitive testing during uptake may increase glucose demand in 

targeted regions, such as hippocampus, allowing for better differentiation of outcomes. Therefore, 

the objective of this study was to investigate the influence of a directed cognitive function task 

during the FDG uptake period on uptake measurements both in naïve rats and at 2 days after mild 

lateral fluid percussion (mLFP) TBI. Adult male Sprague Dawley rats underwent FDG uptake 

with either cognitive testing with the Novel Object Recognition (NOR) test or No Novel Object 

(NNO), followed by PET scans at baseline (prior to injury) and at 2days post mLFP. At baseline, 

FDG uptake in the right hippocampus was elevated in rats completing the NOR in comparison to 

the NNO (control group). Further, the NNO group rats demonstrated a greater fold change in the 

FDG uptake between baseline and post injury scans than the NOR group. Overall, these data 
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suggest that cognitive activity during FDG uptake affects the regional uptake pattern in the brain, 

increasing uptake at baseline and suppressing the effects of injury.
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Recognition

1. Introduction

Traumatic brain injury (TBI) is the signature injury of the recent United States military 

conflicts (Greer et al., 2016), and occurs frequently in the civilian population as well, in 

sports, motor vehicle accidents, falls, etc. The most common TBI’s are mild (mTBI) 

(Bazarian et al., 2005; Langlois et al., 2006). TBI, even mTBI, often results in cognitive 

deficits which can adversely affect the quality of life of patients. These neuropsychological 

deficits are often associated with complex cerebral metabolic alterations (Arciniegas et al., 

2005). Several studies have shown the effect of cerebral glucose metabolism after TBI using 

positron emission tomography (PET) (Bergsneider et al., 2001; Moore et al., 2000a; Yoshino 

et al., 1991). 2-dexy-2[18F]fluoro-D-glucose (FDG) PET imaging allows for the quantitative 

evaluation of functional and molecular processes in vivo, and can be used to investigate 

longitudinal changes during recovery or with treatment intervention.

FDG PET imaging has shown that brain energy metabolism after a TBI typically follows a 

period of hyperactivity lasting approximately 30 minutes (in rats) to a few hours (in humans) 

followed by a period of metabolic depression lasting for 5–10 days (in rats) to 30 days (in 

humans) (Hovda et al., 1995; Selwyn et al., 2016). In animal models, long lasting cognitive 

deficits are observed not only after severe brain injury but also after moderate and even mild 

injury, which do not involve appreciable neuronal cell loss (Moore et al., 2000b; Yoshino et 

al., 1991).

TBI not only causes damage at the site of impact but initiates cellular and molecular 

processes that leads to delayed or secondary neuronal injury in the surrounding tissues. We 

have shown that the sub-cortical hippocampus is particularly sensitive to damage after TBI 

(Brabazon et al., 2017; Selwyn et al., 2016). The hippocampus demonstrates significant 

alterations in glucose uptake after injury (Brabazon et al., 2017; Cho et al., 2010; Selwyn et 

al., 2013; Selwyn et al., 2016). Hippocampal damage is often associated with impairment in 

learning and memory, and tasks that evoke learning and memory function can induce 

glucose uptake or blood flow in the hippocampus (Newman et al., 2011; Xie et al., 2016). In 

particular, object recognition and recollection tasks have been shown to induce activity in 

the hippocampus (Cohen and Stackman, 2015; Gomes et al., 2016). The novel object 

recognition (NOR) task uses spatial novelty and delayed non-matching to evaluate time 

spent with a novel object versus no-object as a measure of spatial memory, which is 

hippocampal dependent (Antunes and Biala, 2012; Bevins and Besheer, 2006).

Previous studies of FDG PET imaging in rodents following TBI involves both anesthetized 

and awake (conscious) periods during the FDG uptake (Park et al., 2017; Selwyn et al., 
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2013). The conscious animal uptake shows a three-fold variation in regional brain uptake 

that is dependent on the environmental conditions (activity, sleep, temperature, etc.), 

whereas anesthetized animals show less than two-fold variation (Byrnes et al., 2014). 

However, a detailed analysis of the effect of performance of a standardized cognitive task 

during glucose metabolism assessment after mTBI has not been conducted yet. In this study, 

we therefore aimed to evaluate FDG uptake in both ipsilateral (left) and contralateral (right) 

brain with and without cognitive testing during FDG uptake. We hypothesize that cognitive 

testing during uptake would enhance FDG uptake into the hippocampus in naïve rats. 

Further, our previous studies demonstrated reduced hippocampal FDG uptake at sub-acute 

time-points after mild LFP (Selwyn et al., 2016); we therefore hypothesized that cognitive 

testing during this period would also increase uptake. Sub-goals of our work were to 

establish the potential effect of injury and cognitive testing on hippocampal laterality and the 

effect of testing on other brain regions. We now describe our finding of significant 

alterations in cerebral glucose metabolism in the contralateral (right) hemisphere following 

mTBI with and without NOR during FDG uptake.

2. Methods

2.1. Animals

Adult male Sprague Dawley rats (n=9; 300–440 grams, Taconic, Germantown, NY) were 

used in this study. The rats were given free access to food and water and a 12 hour light / 12 

hour dark cycle. All animal procedures were approved by the Uniformed Services University 

Institutional Animal Care and Use Committee and complied fully with the principles set 

forth in the “Guide for the Care and Use of Laboratory Animals” prepared by the Committee 

on Care and Use of Laboratory Animals of the Institute of Laboratory Resources, National 

Research Council (DHEW pub. No. (NIH) 85–23, 2985).

2.2. PET/CT Imaging, Reconstruction and Analysis

To monitor brain activity in defined brain regions in live anesthetized rats, we used PET/

computed tomography (CT) imaging and the VivoQuant (inviCRO, Boston, MA) atlas-based 

quantification approach (Fig. 1A & B).

In this approach we used [18F] FDG uptake to monitor glucose uptake as an indicator of 

regional activity of 13 brain regions which includes basal ganglia, thalamus, amygdala, 

cerebellum, cortex, hypothalamus, midbrain, corpus callosum, olfactory, hippocampus, 

septal area, ventricles and white matter. Images were acquired at two time points: 1) 

baseline, (2–5 days prior to injury and 2) two days post injury. Animals were anesthetized 

(isoflurane, 4% for induction and 1–2% for maintenance, in oxygen at 2L/min) during the 

tail vein injection of FDG (1.67 ± 0.25 mCi ) and image acquisition. After injection, the 

animals were returned to a separate box for conscious uptake and either cognitive test (NOR; 

n=5) or non-directed exploration (No Novel Object, NNO; n=4) during uptake. The total 

uptake time before PET imaging was 45 minutes (30 minutes awake and 15 minutes 

anesthetized). The images were acquired using Siemens Inveon preclinical scanner 

(Erlangen, Germany). The PET scans were acquired for 30 minutes followed by a brief CT 

acquisition for anatomical localization and attenuation and scatter correction (Fig. 2A & B).
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The PET images were acquired in list mode for 30 minutes with a coincidence timing 

window of 3.438 ns and the energy window set to 350–650 keV. The images were 

reconstructed as a single frame with 3D Ordered Subsets Expectation Maximization 

(OSEM) followed by Maximum A Posteriori (MAP) (2 OSEM iterations, 18 MAP 

iterations, requested resolution: 0.8mm) and corrected for attenuation and scatter (Siemens 

Inveon Workplace software, v2.1). The PET image dimensions were 256 × 256 × 159 with a 

voxel size of 0.39 × 0.39 × 0.08 mm.

The CT was acquired using a two bed CT at 500 μA and 80 kVp. The images were 

reconstructed using the Feldkamp algorithm, downsampled by a factor of 2, and beam 

hardening and Hounsfield Unit corrections were applied. The CT image dimensions were 

384 × 384 × 425 with a voxel size of 0.22 mm3 isotropic.

The reconstructed PET and CT images were processed and analyzed using VivoQuant 

Software version 3.0 (inviCRO, Boston, MA). The PET data were registered to the 26 

regions (left and right hemisphere) rat brain atlas (Brabazon et al., 2017). The Standardized 

Uptake Value (SUV), which is the activity concentration in a specific region normalized to 

the total injected activity and body weight, was calculated for each of the 26 regions and 

then normalized with the SUV of the entire atlas (SUVw, whole brain normalization). The 

Relative Uptake Value (RUV) (Byrnes et al., 2014; Selwyn et al., 2013; Selwyn et al., 2016). 

The final value obtained from either of the methods above is a semi quantitative value for the 

each of the 26 brain regions for each animal. To choose a region in the brain as reference 

tissue for RUV, one of the criteria is for it to be stable during the course of the experiment 

(Byrnes et al., 2014). The uptake concentration in cerebellum, both left and right remained 

unchanged at baseline scans in both NOR and NNO group, however, at 2 days post injury in 

NNO group there is a significant change in the uptake compared to baseline (Fig. 3A & B). 

Based on this data, we decided to continue our analysis using SUVw.

2.3. Novel Object Recognition (NOR) Test

The Novel Object Recognition (NOR) test was similar to that originally described by 

Ennaceur and Delacour (Ennaceur and Delacour, 1988). Each rat was placed in a large 

opaque box (20” × 20”) after FDG injection to acclimate for 10 minutes. The rat was then 

removed from the box to the home cage for 5 minutes. Two identical objects (Lego® Duplo 

® blocks) were placed on one side of the box, with sufficient space for the rats to survey all 

sides of the objects. The objects were affixed to the box floor with tape. The rat was returned 

to the opaque box and the video recorder was turned on, pointing towards the box with a 

view of the rat head and 2 blocks. The rats was allowed to explore the objects for 5 minutes. 

The rat was then placed back in the home cage for 5 minutes. In the second testing phase, 

one of the objects (object on the left) was replaced with a novel object of a different 

material, shape and color (shot glass). The rat was returned to the opaque box and the video 

recorder was turned on for another 5 minute exploration. Before each phase of NOR test, the 

object and the box were cleaned with 70% ethanol.

Cumulative time spent by the rats at each of the objects, including time spent sniffing or 

climbing objects, during the first and second phase test was measured by a blinded observer 

reviewing the video tapes. Percent time spent with novel object was calculated.

Jaiswal et al. Page 4

Neuroimage. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Control rats, (NNO) spent the entire uptake time after recovery from anesthesia in the same 

opaque box without any objects.

2.4. Mild Lateral Fluid Percussion Injury (LFP)

Mild Lateral fluid percussion (LFP) injury was performed as previously described (Selwyn 

et al., 2013) with some modifications. Briefly, the rats were anesthetized with isoflurane (4% 

induction, 2% maintenance), temperature was measured rectally and maintained at 36.5° - 

37.5°C. A 5 mm craniotomy was performed over the left parietal cortex midway between 

lambda and bregma and a 2.5 mm from the vertex. The fluid percussion device (VCU Health 

System Custom Design and Fabrication Model 01-B) was attached via a short piece to a 

plastic female luer lock that was cemented over the craniotomy. An impact with an estimated 

pressure of 1.5 atm was achieved by dropping a pendulum onto the water tube from an angle 

of 10°or 15°. No significant difference in any outcome measures was noted between rats 

receiving 10°or 15° impacts, so these groups have been combined in all reporting.

2.5. Statistics

Quantitative data are presented as mean +/− standard error of the mean. PET values and 

functional data were obtained by an investigator blinded to the groups. Data were analyzed 

using unpaired t-test, two-way ANOVA with Sidak’s multiple comparisons post-test, 

repeated measures (RM) ANOVA or one-way ANOVA, as appropriate. All statistical tests 

were performed using the GraphPad Prism Program, version 7.01 for windows (GraphPad 

Software, San Diego, CA). A p value < 0.05 was considered statistically significant.

3. Results

3.1. Injury impairs function on the NOR test

NOR test was performed in the directed exploration group (n=5) at baseline (2–3 days prior 

to mLFP) and 2 days post injury. Prior to injury, rats spent an average of 53.6 +/− 5% of the 

time with the novel object. Following injury, this dropped to an average of 18.4 +/− 14% 

[*p=0.04, unpaired t-test] which is expected for this type of test (Zhao et al., 2012).

3.2. NOR does not affect global FDG uptake

To evaluate the effect of cognitive testing on the entire brain uptake, we calculated whole 

brain SUV in both, uninjured [baseline, Fig. 4A] and injured [2 days post injury, Fig. 4B] 

rats in NOR and NNO groups.

3.3. The data shows whole brain SUV remains unchanged by NOR or by injury. (p>0.05, 
unpaired t-test, two-tailed).NOR alters hippocampal FDG uptake

As NOR is suggested to be related to hippocampal function (Cohen and Stackman, 2015; 

Gomes et al., 2016), we first investigated FDG uptake in the ipsilateral (left) and 

contralateral (right) hippocampus at baseline and 2 days post injury [Fig. 5]. At baseline, 

SUVw within the right hippocampus shows higher FDG uptake in NOR group compared to 

NNO group [*p=0.007, unpaired t-test, two-tailed; Fig. 5A]. The left hippocampus remains 

unchanged [p=0.08, unpaired t-test two-tailed; Fig. 5B].
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At 2 days post injury, no significant difference was seen in the FDG uptake in contralateral 

(right) [p=0.61, unpaired t-test two-tailed; Fig. 5C] or ipsilateral (left) hippocampus [p=0.92, 

unpaired t-test two-tailed; Fig. 5D] between NOR and NNO groups.

We also compared FDG uptake changes over time (from baseline to 2 days post injury) 

within each group (NOR and NNO) and between ipsilateral (left) and contralateral (right) 

hippocampus. The ipsilateral (left) hippocampus showed no significant change in response 

to injury in both the groups, [Fig. 6A & B]

The contralateral (right) hippocampus showed increased FDG uptake at 2 days post injury 

compared to baseline only in the NNO group [***p=0.0003, two-way RM ANOVA with 
Sidak’s multiple comparisons post hoc test; Fig. 6A]; no significant change between 

baseline and 2 days post-injury was noted in the NOR group [p>0.05, two-way RM ANOVA 
with Sidak’s multiple comparisons post hoc test; Fig. 6B]. A significant increase in FDG 

uptake was also seen in the contralateral (right) hippocampus compared to ipsilateral (left) at 

day 2 in both NNO group [***p=0.0001, two-way RM ANOVA with Sidak’s multiple 
comparisons post hoc test; Fig. 6A] and NOR group [**p=0.002, two-way RM ANOVA 
with Sidak’s multiple comparisons post hoc test; Fig. 6B]. However, the NNO group showed 

a greater fold change (1.125 fold) from baseline to day 2 than the NOR group (1.05; p = 

0.06, one-tailed t-test).

3.4. NOR testing reduces FDG uptake in injured hemisphere

Quantification of FDG uptake between baseline and day 2 post injury in the 13 regions of 

the ipsilateral (left) cerebral hemisphere of the NNO group showed that mLFP led to a 

significant reduction in uptake in basal ganglia (****p<0.0001), thalamus (****p<0.0001), 

cortex (****p<0.0001), and corpus callosum (**p=0.008), as well as significant increase in 

the hypothalamus (*p=0.01) and midbrain (*p=0.02, two-way RM ANOVA with Sidak’s 
multiple comparisons post hoc test; Fig. 7A). In contrast, addition of the NOR test during 

uptake resulted in significant reduction in uptake in only the basal ganglia (*p=0.02), 

thalamus (*p=0.03), cortex (****p<0.0001) and corpus callosum (****p<0.0001); the 

alteration in hypothalamus and midbrain were not observed in this group [Fig. 7B]. Overall, 

NOR addition seemed to lead to an increase in variability within the regions, reducing the 

ability of differences to reach statistical significance in comparison to the NNO group.

3.5. NOR exhibit less regional variations in uninjured hemisphere

With the differential effect of the NOR task on the activity of various ipsilateral (left) brain 

regions, we next examined the effect of this task on the activity of these regions in the 

contralateral (right) hemisphere. Contrary to the reduced activity of basal ganglia, thalamus, 

corpus callosum and cortex in the ipsilateral hemisphere (NNO group), all of these regions, 

(basal ganglia ***p=0.0001, thalamus ***p=0.0004 and corpus callosum ****p<0.0001, 

two-way RM ANOVA with Sidak’s multiple comparisons post hoc test) except for cortex 

(p=0.92) in the contralateral (right) hemisphere, showed a compensatory increase in activity 

as compared to their respective baseline activity, [Fig. 8A]. On the other hand, cognitive 

testing (NOR group) following mLFP injury, shows no increase in the activity in these 

regions in the contralateral hemisphere except amygdala (*p=0.01), hypothalamus 
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(**p=0.001) and olfactory (***p=0.0009; Fig. 8B). Again, NOR addition led to increase in 

variability in addition to a blunting of effect, which reduced the ability of differences to 

reach statistical significance in comparison to the NNO group.

4. Discussion

In preclinical PET studies, anesthetics are commonly used during imaging to immobilize the 

animals, but anesthesia itself can influence the biodistribution of FDG in the brain. In 

general FDG uptake in the brain is reduced by isoflurane anesthesia (Selwyn et al., 2013; 

Toyama et al., 2004). However, while isoflurane anesthesia reduces FDG uptake in olfactory 

bulb, cortex, thalamus and basal ganglia, it increases in midbrain, hypothalamus, 

hippocampus and cerebellum (Park et al., 2017). In contrast to FDG uptake under 

anesthesia, FDG uptake in the brain of awake animals varies greatly due to the animal’s 

activity (Byrnes et al 2014). Use of anesthesia to control factors such as activity, sleep, 

temperature reduces the variability of FDG uptake due to these factors.

To examine the effect of cognitive task in both, naïve and injured rats we needed the animals 

to be fully awake during FDG uptake. However, to image the animals in the PET scanner 

they needed to be anesthetized after 30 minutes of awake uptake. This need could be avoided 

in principle by the use of miniaturized PET scanners mounted directly onto the head of the 

animals, avoiding the need for anesthesia while also avoiding motion between the brain and 

the scanner. However, these scanners have lower sensitivity than the fixed scanner used in 

our study and mounting the scanners may induce undue stress in the animal due to inhibition 

of their natural movement (Spangler-Bickell et al., 2016).

The results from this study indicate that performance of the NOR during uptake plays a 

significant role in glucose (FDG) uptake, and potentially metabolism. At baseline scans, 

there is an increase in the uptake of FDG in the right hippocampus in the NOR group 

compared to the NNO group. However, at 2 days post injury, the right (contralateral) 

hippocampus shows significantly higher uptake in both the NNO and NOR groups compared 

to left (ipsilateral), however, the NNO group showed a greater increase; implying that injury 

induced changes were reduced by NOR testing.

Our laboratory previously demonstrated that mLFP TBI reduced cerebral glucose uptake in 

both ipsilateral and contralateral region-of-interest (ROI) with a peak depression at 24 hours 

post injury. The reduced FDG uptake in the ROI’s returned to baseline level by day 9 post 

injury (Selwyn et al., 2013). Our current work evaluated uptake in awake, functioning rats, 

while this previous work utilized anesthesia during FDG uptake. Since anesthesia 

(isoflurane) plays a significant role in blood glucose level and metabolism (Behdad et al., 

2014; Byrnes et al., 2014; Hildebrandt et al., 2008; Park et al., 2017), this could have altered 

our results in comparison to the previous study. Further analysis was performed at day 2 post 

injury in the current study, while our previous study used 3 hours, 24 hours and 5 days post 

injury scans. Since the regional brain uptake is dependent upon the time of injury (Byrnes et 

al., 2014), this could have also caused differences in our results.
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Hippocampal dysfunction and / or smaller volume has been associated with memory deficits 

in older adults and patients with Alzheimer’s disease (Wicking et al., 2014). Further, 

hippocampus in patients with mild cognitive impairment (MCI) have also shown reduced 

metabolic rate of glucose (MRglc) in hippocampus (Li et al., 2008). We and others have 

shown that, similar to these neurodegenerative conditions, TBI results in reduced glucose 

uptake in the hippocampus (Brabazon et al., 2016). While our current study failed to show 

significant reductions in glucose uptake in the ipsilateral hippocampus at 2 days post-injury, 

a trend towards reduction was observed. It is possible that the current injury level (using a 

10–15 degree angle for pendulum release during LFP) was slightly less than that of our 

previous work (using a 22 degree angle). Alterations and improvements in the fluid 

percussion device, including replacement of conduction tubing, required reduction of the 

angle to achieve similar pressures, but slight differences in pressure and tubing may have 

resulted in slightly different injury severities.

We hypothesized that functional testing (NOR) during the uptake period could trigger 

certain brain regions differently than when under anesthesia or just conscious (awake) 

uptake. We demonstrate that at baseline, uptake in the right hippocampus is elevated with 

cognitive testing. Functional activation of cells within the brain, by optogenetics or by other 

modes of stimulation, have previously been shown to induce increased cellular metabolism 

(Takata et al., 2018; Wieraszko, 1982). In fact, previous studies on classical conditioning 

have shown that the hippocampus alters it glucose uptake patterns in response to 

conditioning signals (Barrett et al., 2003; Gonzalez-Lima and Scheich, 1986). In human 

subjects, FDG-PET alterations have long been associated with function; cognitive testing 

during uptake has been used to distinguish locations of impaired glucose metabolism or 

correlate anatomical regions with specific memory functions (Gardener et al., 2016; Xie et 

al., 2016). Therefore, it is possible that the cognitive testing is leading to elevated function of 

normal hippocampal neurons, resulting in elevated glucose uptake.

Conversely, we demonstrated that cognitive testing during uptake following injury led to an 

overall reduction in uptake in multiple regions in comparison to the NNO group, suggesting 

that cognitive testing reduced injury-induced changes in glucose uptake. The mechanism 

behind this effect is unclear. However, studies have shown that neuronal activity can lead to 

reduced inflammation (Almeida et al., 2015), which can in turn lead to reduced glucose 

uptake (Brabazon et al., 2016). New learning paradigms have also been shown to increase 

neurogenesis and alter neuroinflammatory effects (Ryan and Kelly, 2016), which can also 

alter glucose metabolic responses. While the mechanism of this effect is not known, it is also 

not clear if this is a beneficial or negative effect. There are several studies suggesting that 

cognitive activity after concussion may not necessarily help patients in recovery (Meehan 

and Bachur, 2015). Brown et al (Brown et al., 2014) have concluded that cognitive activity 

after concussion is associated with longer symptom duration and recommended limiting 

extensive cognitive activity after injury. However, the duration of time for limiting the motor 

or cognitive activity after concussion or mTBI is a gray area and depends on several factors 

including the severity of concussion and the level of difficulty of the task. In our study, we 

imaged animals 2 days post mild injury and challenged them with the NOR test (cognitive 

task). Both NOR and NNO animals showed increased FDG activity in contralateral 

hippocampus at 2 days post injury, however, the NOR group showed less uptake in the 
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ipsilateral hippocampus compared to baseline, implying less blood flow or glucose uptake. 

This may suggest agreement with detrimental effects of acute cognitive challenge after TBI. 

However, assessment of cognitive abilities between groups after the 2 day time point has not 

yet been completed.

Previous work has shown that several structures in the brain show laterality, in both gross 

anatomical structure and function (Diamond et al., 1982). This laterality in the hippocampus 

is present at the molecular level and plays a role in intrahippocampal signaling and possibly 

in learning and memory function (Kohl et al., 2011; Shimbo et al., 2018). Further injury on 

the left versus right side of the brain leading to hippocampal damage has resulted in mild 

differences in learning and memory function. Specifically, damage to the right hippocampus 

resulted in significant delays in memory acquisition in the Morris Water Maze test, a test of 

spatial memory (Schurman et al., 2017). In the current study, the mLFP injury was 

performed on the left side of the head and the novel object was always placed on the right 

side of the box. It is also possible that this could have biased our result of increased uptake 

on the right (contralateral) side of the brain. Future study is needed to further explore this 

phenomenon.

Previously, the uptake concentration in ipsilateral and contralateral ROI’s was normalized to 

a reference region (cerebellum). This reference tissue ratio was then normalized to the 

animal’s baseline reference tissue ratio (Selwyn et al., 2013). In our current study we 

normalized the uptake concentration by calculating the Standardized Uptake Value (SUV), 

which takes into account the total injected activity and body weight of the animal. This 

regional SUV was then normalized to the whole brain (SUVw), to further reduce the 

variability due to differences in the injected activity and uptake. We could not use the 

previous method of reference tissue (cerebellum) normalization as in this study the 

cerebellum was found to change with injury (Fig. 1). For tissue to be used as reference 

tissue, it has to stable and not affected by the experimental paradigms (novel object, 

surgery).

The finite spatial resolution of PET scanners may lead to partial volume effects (PVE). PVE 

is caused by the smoothening of PET images such that some of the radioactivity from a 

region of higher concentration can get mis-attributed to an adjacent region of lower activity. 

This would contribute to noise in the measured activity concentration and thus to 

misinterpretation of the PET data. This has been noted in brain scans where the radioactivity 

concentration values are differently variated in different regions-of-interest (ROI) (Harri et 

al., 2007) (Lehnert et al., 2012). The PVE start to diminish if the dimensions of the selected 

ROIs are over 2–3 times greater than the Full Width Half Maximum (FWHM) of the spatial 

resolution of the scanner. The intrinsic resolution of the Siemens Inveon preclinical scanner 

is 1.4 mm at the center of the PET field of view. As the volume of the ROI (each left or right 

hippocampus) is approximately 67 mm3, the error due to PVE is significantly minimized in 

our analyses. In addition to the size of the ROI we also used the iterative method of the PET 

reconstruction algorithm (OSEM3D/MAP), which further reduces the impact of PVE. These 

simple correction methods involving standardized acquisition, processing and analysis of the 

PET data substantially enhance the reliability of our quantification despite the known biases 

that can be introduced by PVE (Soret et al., 2007).
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5. Conclusion

We have shown increased FDG uptake in the right hippocampus in naïve rats in the group 

exposed to novel object recognition task (NOR) compared to group with no directed task 

(NNO). However, when we compared FDG uptake after 2 days post mild injury, both the 

groups (NOR and NNO) showed increased uptake in the contralateral hippocampus 

compared to ipsilateral but the NNO group showed more uptake compared to NOR. The 

ipsilateral hippocampus showed a trend of lower FDG uptake in the NOR group only (not 

NNO group) compared to baseline. These data suggest that novel object plays an intriguing 

role during FDG uptake, both in naïve and 2 days post TBI rats. Future work is required to 

further investigate the role of novel object on both the time course and the laterality of 

changes in the FDG uptake.
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Fig. 1. 
Co-registered PET/CT images showing atlas-based analysis using inviCRO VivoQuant 

software, v3.0.

A. Co-registered PET CT images cropped in the region surrounding the brain using 

automatic registration tool from VivoQuant software. B. Image showing 26 regions rat brain 

atlas (ROI’s) registered to the CT data (which is registered to PET, hence CT, atlas and PET 

all co-registered).
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Fig. 2. 
Representative PET/CT images of rat head acquired with Siemens Inveon preclinical 

scanner.

A. Baseline PET/CT image, prior to injury. B. PET/CT image acquired two days post injury. 

Note the craniectomy location on the left.
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Fig. 3. 
Plot showing uptake concentration in left and right cerebellum at baseline and 2 days post 

injury in NNO (n = 4) and NOR (n = 5) groups. A. In the NNO group, both left and right 

cerebellum shows change at 2 days post-injury compared to baseline. B. In the NOR group, 

no change was found in either left or right cerebellum at 2 days post-injury compared to 

baseline. (**p=0.001; Two-way RM ANOVA; bars = mean +/− SEM).
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Fig. 4. 
Whole Brain (WB) Standardized Uptake Value (SUV) plotted for the two groups (NNO; n=4 

and NOR; n=5) at baseline and two days post injury.

A. No significant change in the WB uptake at baseline between the two group, NNO and 

NOR. B. No significant change in the WB uptake at 2 days post injury between the two 

groups, NNO and NOR. (Unpaired t-test, two-tailed, bars= mean +/− SEM).

Jaiswal et al. Page 17

Neuroimage. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Standardized Uptake Value normalized to the Whole Brain (SUVw) in the hippocampus of 

the NNO and NOR groups at baseline and day 2 post injury.

A. The right hippocampus shows increased uptake in the NOR group compared to the NNO 

group at baseline (**p=0.007). B. The left hippocampus showed no statistical difference 

between the two groups at baseline. C. The right hippocampus shows no statistical 

difference between the two groups at 2 days post injury. D. The left hippocampus at 2 days 

post injury also shows no statistical difference between the two groups. (unpaired t-test, two-
tailed, bars= mean +/− SEM)
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Fig. 6. 
SUVw in the left and right hippocampus over time showed more difference without 

cognitive testing. A. In the NNO group, the right (contra) hippocampus shows increased 

uptake compared to left (ipsilateral) after injury (***p=0.0001). The right hippocampus also 

shows increased uptake post injury compared to its baseline (***p=0.0003). B. In the NOR 

group, the right (contra) hippocampus also showed increased uptake compared to left 

(ipsilateral) after injury (**p=0.002), however the difference between baseline and day 2 

was not observed (Two-way RM ANOVA, bars = mean +/− SEM).
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Fig. 7. 
SUVw plotted for the 13 left (ipsilateral) brain regions assessed at baseline and day 2 post 

injury in the NNO and NOR groups. A. In the NNO group, the left hemisphere shows 

changes in 6 brain regions post injury compared to baseline. B. In the NOR group, the left 

(ipsilateral) hemisphere shows changes only in 4 brain regions post injury compared to 

baseline. (*p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001, Two-way RM ANOVA; bars = 
mean +/− SEM).
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Fig. 8. 
SUVw plotted for the 13 right (contralateral) brain regions at baseline and day 2 post injury 

in the NNO and NOR groups. A. In the NNO group, the right hemisphere shows changes in 

10 brain regions post injury compared to baseline. B. In the NOR group, the right 

hemisphere shows changes only in 3 brain regions post injury compared to baseline. 

(*p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001, Two-way RM ANOVA; bars = mean +/− 
SEM.)
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