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ABSTRACT 

Both cyclooxygenase-1 (COX-1) and COX-2 convert arachidonic acid to prostaglandin H2, 

which has pro-inflammatory effects. The recently developed positron emission tomography 

(PET) radioligand 11C-PS13 has excellent in vivo selectivity for COX-1 over COX-2 in non-

human primates. This study sought to evaluate the selectivity of 11C-PS13 binding to COX-1 in 

humans and assess the utility of 11C-PS13 to measure the in vivo potency of nonsteroidal anti-

inflammatory drugs (NSAIDs).  

Methods: Baseline 11C-PS13 whole-body PET scans were obtained in 26 healthy volunteers, 

followed by blocked scans with ketoprofen (n=8), celecoxib (n=8), or aspirin (n=8). Ketoprofen 

is a highly potent and selective COX-1 inhibitor, celecoxib is a preferential COX-2 inhibitor, and 

aspirin is a selective COX-1 inhibitor with a distinct mechanism that irreversibly inhibits 

substrate binding. Because blood cells, including platelets and white blood cells, also contain 

COX-1, 11C-PS13 uptake inhibition from blood cells was measured in vitro and ex vivo (i.e., 

using blood obtained during PET scanning). 

Results: High 11C-PS13 uptake was observed in major organs with high COX-1 density, 

including the spleen, lungs, kidneys, and gastrointestinal tract. Ketoprofen (1-75mg p.o.) blocked 

uptake in these organs far more effectively than celecoxib (100-400mg p.o.). Based on the 

plasma concentration to inhibit 50% of the maximum radioligand binding in the spleen (in vivo 

IC50), ketoprofen (<0.24µM) was >10-fold more potent than celecoxib (>2.5µM) as a COX-1 

inhibitor, consistent with the in vitro potencies of these drugs for inhibiting COX-1. Blockade of 

11C-PS13 uptake from blood cells acquired during the PET scans mirrored that in organs of the 

body. Aspirin (972-1,950mg p.o.) blocked such a small percentage of uptake that its in vivo IC50 

could not be determined. 
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Conclusions: 11C-PS13 selectively binds to COX-1 in humans and can measure the in vivo 

potency of NSAIDs that competitively inhibit arachidonic acid binding to COX-1. These in vivo 

studies, which reflect the net effect of drug absorption and metabolism in all organs of the body, 

demonstrated that ketoprofen had unexpectedly high potency, that celecoxib substantially 

inhibited COX-1, and that aspirin acetylation of COX-1 did not block binding of the 

representative non-steroidal inhibitor 11C-PS13. 

 

Keywords: cyclooxygenase-1; positron emission tomography; inflammation; aspirin; celecoxib 

 

Registration: NCT03324646 at https://clinicaltrials.gov/ 
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INTRODUCTION 

The cyclooxygenase (COX) enzyme family is responsible for the biotransformation of 

arachidonic acid into various prostaglandins and thromboxanes that are major inflammatory 

mediators. The constitutively expressed COX‐1 isoform has traditionally been thought to be 

responsible for maintaining the physiological integrity of major organs such as stomach and 

kidney as well as normal platelet function. In contrast, the inducible COX‐2 isoform is thought to 

be associated with pathological responses to external injury or stimuli, including inflammation 

and pain (1). However, several studies suggest that COX-1 may play a previously 

underrecognized pro-inflammatory role in various pathologic conditions such as 

neurodegeneration (2,3), atherosclerosis (4), and carcinogenesis (5,6). In this respect, a selective 

positron emission tomography (PET) radioligand might serve to image COX as a surrogate 

marker for the development and progression of various diseases that have inflammation as one 

component of their pathogenesis. Any such radioligand would also be useful for measuring the 

target engagement of non-steroidal anti-inflammatory drugs (NSAIDs) tested in clinical trials for 

those diseases.  

Previous studies from our laboratory reported initial PET results using the newly 

developed radioligand 11C-PS13 (Supplemental Fig.S1) in whole-body scans of nonhuman 

primates and human brain scans. PS13 is a highly potent COX-1 inhibitor (IC50=1 nM) and 1,000 

times more selective for COX-1 than COX-2 (7). In non-human primates, 11C-PS13 showed 

selective binding to COX-1 over COX-2 in most major organs including the spleen, 

gastrointestinal tract, kidneys, and brain, as indicated by substantial blockade by COX-1 

inhibitors and minimal blockade by COX-2 inhibitors (8). COX-1 is widely distributed in brain, 

with the highest concentrations found in the hippocampus, occipital cortex, and pericentral 
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cortex (9), and 11C-PS13 was found to be an excellent radioligand for measuring COX-1 in 

human brain. However, the pharmacologic selectivity of 11C-PS13 for COX-1 over COX-2 has 

not been confirmed in humans.  

The present study used whole-body imaging in healthy human volunteers to investigate 

the selectivity of 11C-PS13 binding to COX-1 and to assess the ability of 11C-PS13 to measure 

the potency of COX-1 inhibitors. The COX-1 inhibitors ketoprofen (which is preferential for 

COX-1) and celecoxib (which is preferential for COX-2 but also inhibits COX-1 to a lower 

extent (10,11) were used. The effects of aspirin, which is 10- to 100-fold selective for COX-1 

over COX-2 were also examined; notably, aspirin is the only clinically-used NSAID that 

irreversibly inhibits both COX-1 and COX-2 by acetylation of Ser-530, which is present adjacent 

to the binding site for the substrate, arachidonic acid (12). Although all other clinically used 

NSAIDs competitively inhibit arachidonic acid binding, it was unknown whether aspirin would 

block the binding of a small-molecule radioligand to this site. 

 

Materials and Methods 

To determine the selectivity of binding to COX-1, the difference in 11C-PS13 uptake in 

major organs and blood cells was measured for baseline and/or blocked conditions using 

pharmacologic doses of ketoprofen, celecoxib, and aspirin in 26 healthy human volunteers. To 

explore the ability of 11C-PS13 to measure the potency of COX-1 inhibitors, the relationship 

between the blockade of 11C-PS13 binding and plasma concentrations of each blocker was 

examined after increasing oral doses. All participants gave informed consent in accordance with 

the National Institutes of Health Combined Neurosciences Institutional Review Board (Protocol 
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17-M-0179; NCT03324646). A detailed description of the methods and relevant citations (9,13-

17) can be found in the Supplemental Materials. 

 

RESULTS 

Pharmacological effects, biodistribution, and dosimetry 

11C-PS13 was intravenously injected once in 10 participants at baseline and twice in eight 

participants at baseline and after administration of ketoprofen (Supplemental Table S1). In 

another group of eight participants, 11C-PS13 was injected three times: at baseline, after 

administration of celecoxib, and after administration of aspirin. The injected activity of 50 total 

scans was 693.1±51.9 MBq, corresponding to a molar dose of 0.14±0.07 nmol/kg. Neither the 

radioligand nor the blocking drugs caused any adverse effects, as assessed by participant self-

report, blood pressure, pulse, temperature, respiratory rate, electrocardiogram, and basic 

laboratory tests. 

The whole-body images were notable for early distribution in the blood pool (e.g., brain, 

thyroid gland, heart, and spleen), accumulation in target organs (e.g., spleen, brain, lung, and 

kidney), and apparent metabolism in the liver with visible excretion of activity in the gall bladder 

and small intestine (Supplemental Fig.S2). Radiation exposure was calculated from the organ 

distribution of radioactivity in the first 15 of 26 total participants (Supplemental Table S2). The 

mean effective dose of 11C-PS13 derived from these 15 healthy volunteers was 4.6±0.6 

µSv/MBq, resulting in radiation exposure of 3.4 mSv for an administered activity of 740 MBq 

(Supplemental Table S3). This dose is comparable to the mean dose of 21 other 11C-labeled 

tracers used in human research (18), thus raising no unusual concerns about radiation safety. The 
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three organs receiving the highest radiation exposure (µSv/MBq) were the spleen (27.8±1.1), 

liver (9.8±0.2), and lungs (7.2±0.1). 

 

Quantitation of organ uptake 

To determine whether the blocking drugs changed the concentration of radioligand in 

plasma, the average concentration of 11C-PS13 was compared at four timepoints (10, 30, 60, and 

90 minutes) in the baseline and blocked scans. The plasma concentration of 11C-PS13 was 

slightly increased by ketoprofen (P=0.036), but unchanged by celecoxib (P=0.484) or aspirin 

(P=0.161) (Supplemental Fig.S3). Because of the change induced by ketoprofen, organ uptake 

was normalized in each individual by their plasma concentration of radioligand between 10 and 

90 minutes. Although this normalized value (i.e., the ratio of organ standardized uptake value 

(SUV) to plasma parent concentration (SUV/CP)) was used, similar measurements of potency 

were found using only PET data (i.e., SUV) (data not shown). A detailed description of the 

method used to calculate and verify SUV/CP can be found in the Supplemental Information 

(Supplemental Fig.S4). Data were not corrected for 11C-PS13 binding to plasma proteins for two 

reasons. First, the plasma free fraction was negligibly increased in blocked scans with ketoprofen 

(P=0.050) and did not significantly increase in scans after blockade by celecoxib (P=0.208) or 

aspirin (P=0.575) (Supplemental Fig.S5). Second, our previous brain test-retest study suggested 

that the extremely low plasma free fraction value of 11C-PS13 with high variability could 

introduce unnecessary variance and perhaps even bias into subsequent analyses (9). 
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Selective binding to COX-1 in major organs 

As an overview of the blocking effects, the median and interquartile range (IQR) of the 

results were measured for each blocker, recognizing that varying doses were used for each drug. 

Ketoprofen, a COX-1 selective inhibitor, decreased 11C-PS13 organ uptake by the greatest 

amount (82% in the spleen (IQR 59-90%)) (Figs.1A, 2). Celecoxib, a COX-2 preferential 

inhibitor, blocked much less (25% in the spleen (IQR 2-35%)) (Figs.1B, 2), and aspirin had the 

weakest blocking effects (10% in the spleen (IQR 0-18%)) (Fig.2).  

Blood cells, including platelets, monocytes, and erythrocytes, contain COX-1 and can be 

used as a measure of enzyme occupancy by NSAIDs (19-21). In the blood collected at four 

timepoints during the scans, cells were separated from the plasma, and the uptake of radioactivity 

in the cells was measured and normalized to the plasma concentration of 11C-PS13. Similar to 

uptake in organs of the body, uptake in the ex vivo cells showed selectivity for COX-1 over 

COX-2, and the order of percentage blockade was ketoprofen>celecoxib>aspirin (Fig.2). The 

percentage blockade measured in the ex vivo blood cells was highly consistent with the 

percentage blockade measured in the spleen with ketoprofen and celecoxib (Fig.3), a finding also 

observed in other organs (r range: 0.762-0.982). 

 

In vivo potency of ketoprofen and celecoxib 

Both ketoprofen and celecoxib substantially blocked organ uptake and could be used to 

calculate their in vivo IC50 relative to their plasma concentrations. Because the spleen had the 

highest uptake at baseline and the greatest percentage blockade, it was used for these 

calculations, although similar results were found in other organs. The plasma concentration of 

ketoprofen was significantly and positively correlated with blocking of radioligand uptake in the 
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spleen (n=8, r=0.976, P<0.001; Fig.4A) and all other organs (r≥0.762). The plasma 

concentration of celecoxib was positively correlated with blocking in the spleen (n=8, r=0.767, 

P=0.037; Fig.4B), but the correlation did not reach significance in other organs. From each 

correlation plot, the plasma concentration of drug that gives half-maximal spleen blockade (i.e., 

in vivo IC50) was estimated to be <0.24µM for ketoprofen and >2.5µM for celecoxib, which is a 

greater than 10-fold difference in potency. Greater precision could not be provided because 

ketoprofen rarely caused <50% blockade, and celecoxib rarely caused >50% blockade. 

 

Brain Uptake 

Blockade by ketoprofen and celecoxib were examined using the subset of whole-body 

images that included the brain (Fig.5). The occupancy plot determines whether specific binding 

shown in all regions has the same occupancy, as would be expected for a single target (e.g., 

COX-1) with homogeneous affinity for the radioligand (22). Uptake in brain regions was 

quantified as SUV/CP, like that for whole organs.  

Three of the eight participants had minimal blockade of brain uptake by ketoprofen and 

thus could not be used for the occupancy plot analysis; specifically, the range of y-values in 

these three participants was too small to estimate an x-intercept. For the remaining five 

participants, the occupancy plot was reasonably linear—r2 values ranged from 0.50 to 0.82—and 

the nondisplaceable uptake (x-intercept) was similar for four (1.06 to 1.96) but there was one 

outlier (0.14); values are expressed in units corresponding to SUV/CP. Their occupancy showed a 

trend towards positive correlation with plasma ketoprofen concentration that did not reach 

statistical significance (Supplemental Fig. S6). Using these individually identified 

nondisplaceable uptake values, the average binding potential (BPND) was 1.25±0.7 for the first 
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four participants, with an outlying value of 48 in the last participant. The regions with the highest 

BPND values were the calcarine (1.88) and lingual gyrus (1.64) of the occipital region. 

Interestingly, the two participants with the highest brain blockade by celecoxib (21% and 30%, 

respectively) also showed a reasonably linear occupancy plot, with BPND values estimated at 

2.72 and 4.36.  

 

Blockade by Aspirin 

Aspirin (972 to 1,950mg p.o.) blocked a small percentage of radioligand uptake in organs 

of the body. Even the highest doses of aspirin blocked only a modest percentage (<30%) of 

radioligand uptake in the spleen. The median blockade caused by aspirin in the spleen was only 

10% (IQR 0-18%; Fig.2). Like the imaging results, ex vivo studies of blood cells harvested 

during the PET scans showed low blockade; the median blockade of blood cell uptake of 11C-

PS13 was only 2% (IQR 0-50%). The median plasma aspirin concentration was 27µM (IQR 19-

37µM), approximately 16-fold higher than the in vitro IC50 of aspirin. 

To see whether aspirin was capable of blocking radioligand uptake if higher 

concentrations were achieved, whole blood cells collected from a healthy individual were 

incubated with aspirin (66µM) or ketoprofen (1.83µM), with each concentration being 

approximately 39-fold higher than the in vitro IC50 of the inhibitor. To assess the effect of the 

plasma itself, blood cells in plasma were compared, as were cells re-suspended in phosphate-

buffered saline containing 0.4% dextrose. When incubated with plasma, aspirin blocked 11C-

PS13 uptake by 23% and ketoprofen by 97% (Fig.6A). In contrast, when incubated in buffer, 

both aspirin and ketoprofen blocked a near-maximal amount: 90% and 93%, respectively 

(Fig.6B).  
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DISCUSSION 

Our results demonstrate that 11C-PS13 selectively binds to COX-1 in humans and that 

inhibition of its organ uptake provides a measure of the in vivo potency of NSAIDs for COX-1. 

11C-PS13 uptake to COX-1 was high in major organs with abundant COX-1, such as the spleen, 

lungs, kidneys, gastrointestinal tract, and heart. Using percentage blockade of 11C-PS13 uptake in 

the spleen as the parameter of response, the in vivo potency of ketoprofen (IC50<0.24µM) was 

more than 10-fold higher than that of celecoxib (IC50>2.5µM). These in vivo potencies are 

consistent with the in vitro potencies of ketoprofen and celecoxib for COX-1 (10,23-25). In 

contrast, a single oral dose of aspirin (972-1,950mg) blocked little radioligand uptake in organs 

of the body or in ex vivo blood cells, consistent with its action at a site adjacent to but not 

directly in the binding site for small molecule inhibitors such as PS13 (Supplemental Fig.S1). 

Although the brain showed relatively smaller percentage blockade—probably due to the limited 

penetrance of blockers—the regional distribution of radioactivity was appropriate for that of 

COX-1 and was blocked by ketoprofen, such that the occupancy in all regions was, as expected, 

the same for high- and low-density regions. That is, the blockade was consistent with a single 

type of binding site (i.e., COX-1) and with all binding sites having the same affinity for the 

radioligand.  

The 11C-PS13 PET images obtained under baseline and blocked conditions displayed the 

constitutive expression of COX-1 and were consistent with previous human postmortem studies 

(26) as well as with our in vivo studies in nonhuman primates (8). Although the major cell or 

tissue types with high binding of 11C-PS13 were not identified in this study, most of the organs 

that showed high specific binding were associated with the mononuclear phagocyte system, 

which includes blood monocytes and tissue macrophages in various organs such as the liver, 
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spleen, lungs, and brain (27). Similar to observations made in nonhuman primates (8), the spleen 

showed the highest specific binding to COX-1, which was likely due to stagnant blood cells 

encompassed within the spleen sinusoids. This is speculated from the remarkably similar values 

of percentage blockade between the spleen and ex vivo blood cells by ketoprofen and celecoxib 

(Fig.3); blood cells, particularly platelets, express abundant COX-1 (19-21).  

The results of the present study are consistent with the high in vitro potency of 

ketoprofen to inhibit COX-1 and with the selectivity of ketoprofen and celecoxib for COX-1 

versus COX-2. In this PET study, ketoprofen was found to have high in vivo potency, given that 

doses of only 5 mg po blocked more than 50% of organ uptake (Fig. 4A). By comparison, the 

typical therapeutic dose of ketoprofen is 75-300 mg (28). Regarding isozyme selectivity, the 

selectivity index (SI) of an NSAID for COX-1 equals the IC50 to inhibit COX-2 divided by that 

for COX-1, based on in vitro assay to inhibit prostaglandin production. Although the reported 

values of IC50 and SI are highly variable, the consensus is that ketoprofen is essentially selective 

for COX-1 (SI=8-61) (10,23), whereas celecoxib is only preferential for COX-2 (SI for COX-

2=1.4-30) (23-25). Thus, high doses of celecoxib are expected to block a portion of radioligand 

binding to COX-1. 

The very low blockade of radioligand uptake by aspirin is consistent with its two-step 

mechanism of action. Aspirin first weakly binds to the substrate (i.e., active) site of COX-1 and 

then acetylates the adjacent Ser-530, which irreversibly blocks access of bulky arachidonic acid 

to the substrate site (12). However, studies using COX-1 protein with amino acid substitutions 

suggest that this acetylation does not block access of inhibitors to the substrate binding site (12). 

The results of the present study directly confirm this speculation, given that the radioligand 11C-

PS13, which itself is a small molecule inhibitor, was still able to bind even after exposure to 
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doses of aspirin that would be expected to fully acetylate COX-1 (Figs.2, 6A). The low affinity 

binding of aspirin to the substrate site was demonstrated in vitro with high concentrations of 

aspirin (66 µM) in buffer rather than in plasma (Fig.6B). Plasma proteins decrease the 

effectiveness of aspirin by removing the drug from plasma water, thereby making it unavailable 

to diffuse to the target. Under these artificial conditions of no plasma proteins, aspirin was able 

to displace the radioligand. Thus, at pharmacological doses and concentrations, aspirin inhibited 

and irreversibly inactivated COX-1 without blocking access of inhibitors to the substrate binding 

site. 

It should be noted that although celecoxib’s inhibition of 11C-PS13 uptake may be caused 

by its cross-reactivity with COX-1, it may also be due to the cross-reactivity of PS13 with COX-

2. The most direct way to address this possibility would have been to use another selective 

inhibitor, not just preferential, for COX-2; rofecoxib, which would have been ideal for this 

purpose, was withdrawn from clinical use because of its high incidence of adverse cardiovascular 

events (29). To our knowledge, celecoxib is the most COX-2-selective clinically available 

NSAID in the United States. However, to examine this issue, studies were performed in monkeys 

using MC1 as the COX-2-selective compound and PS13 as the COX-1-selective compound (8). 

The results indicated that 11C-PS13 was selective for COX-1 and had no measurable binding to 

COX-2. 

The occupancy plot of brain uptake assumes that occupancy of specific binding is the 

same for all regions. Importantly, this analysis showed that ketoprofen enters the brain and 

displaces the radioligand from COX-1 (Fig.5). Both ketoprofen and our radioligand are highly 

selective for COX-1 over COX-2, and the fact that one blocked the other provides strong 

evidence that both selectively bind to COX-1. Interestingly, measurable occupancy was also 
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found in the two participants with the highest brain blockade by celecoxib. However, the 

occupancy plot also showed a limitation in our ability to measure brain uptake—i.e., SUV/CP 

data from 10 to 90 minutes—and CP measured with venous samples. The noise and potential bias 

in these measurements presumably caused the poor identifiability of nondisplaceable uptake and 

BPND, which prevented us from obtaining consistent results in participants who received lower 

doses of the blockers. Future studies will explore whether full quantitation using continuous 

dynamic scans and arterial blood sampling might provide more accurate measurements. 

The highly consistent blocking effect between ex vivo blood cells and the spleen suggests 

the potential utility of blood cells to evaluate COX-1 inhibitors in the future, even before PET 

images are obtained. As an example, the potency of a novel NSAID for COX-1 inhibition might 

be screened first with in vitro human blood cells using 11C-PS13 or a tritiated analog.  

While the brain is protected from polar radiometabolites by the blood-brain barrier, most 

peripheral organs, including the spleen, have no such barrier. The percentage of contamination 

by radiometabolites in any organ will depend on the relative composition of three components: 

specific binding to the target receptor, nonspecific binding of the parent radioligand, and 

radiometabolites. We chose the spleen, which has a high percentage of specific binding (Fig. 2). 

However, most other organs (e.g., liver) will have a greater percentage of contamination by 

radiometabolites, which would underestimate the measured percentage blockade by blockers. To 

determine whether occupancy was stable in the spleen during the scan, we analyzed the time-

stability of SUV/CP with a method similar to the time-stability analysis in the brain 

(Supplemental Fig.S4F). No evidence of radiometabolite accumulation in the spleen over time 

was observed. 
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CONCLUSION 

11C-PS13 was selective for COX-1 in humans, as assessed via its distribution (which 

reflected that of COX-1 rather than COX-2) and by the much greater potency of ketoprofen 

compared to celecoxib to inhibit uptake in target organs. Using in vivo uptake in organs or ex 

vivo uptake in blood cells, 11C-PS13 was able to measure the in vivo potencies for COX-1 of 

NSAIDS that act at the substrate binding site. Taken together, the results suggest that 11C-PS13 

can be used to determine whether any NSAID, except for aspirin, achieves adequate 

concentrations to inhibit COX-1 in the target organ, whether located centrally or in the periphery. 
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KEY POINTS 

Question: The recently developed positron emission tomography (PET) radioligand 11C-PS13 

has excellent in vivo selectivity for cyclooxygenase-1 (COX-1) over COX-2 in non-human 

primates; this study sought to evaluate the selectivity of 11C-PS13 binding to COX-1 in humans 

and assess the utility of 11C-PS13 to measure the in vivo potency of nonsteroidal anti-

inflammatory drugs (NSAIDs).  

Pertinent Findings: High 11C-PS13 uptake was observed in major organs with high COX-1 

density. Ketoprofen blocked uptake in these organs far more effectively than celecoxib, and 

aspirin only blocked a small percentage of uptake. 

Implications for Patient Care: This study found that 11C-PS13 selectively binds to COX-1 in 

humans and can measure the in vivo potency of NSAIDs that competitively inhibit COX-1.  

Because COX-1 may play a pro-inflammatory role in the brain and periphery, a selective PET 

radioligand like 11C-PS13 could be used to image COX-1 as a surrogate marker for the 

development and progression of diseases marked by inflammation and measure the target 

engagement of NSAIDs as potential treatments.  
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Figure Legends 

 

Figure 1. Planar images of healthy volunteers after injection of 11C-PS13 under baseline 

conditions and after administration of blockers. (A) Under baseline conditions and after oral 

administration of ketoprofen (0.35mg/kg). Upper arrow=brain; lower arrow=spleen. (B) Under 

baseline conditions and after oral administration of celecoxib (6.55mg/kg). Arrow=spleen. The 

images were averaged from 10 to 90 minutes and compressed from anterior to posterior.  
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Figure 2. The percentage blockade of 11C-PS13 binding in major organs and ex vivo blood cells 

after pharmacological doses of ketoprofen, celecoxib, and aspirin (n=8 in each condition). The 

administered dose ranged from 1-75mg for ketoprofen, 100-400mg for celecoxib, and 972-

1,950mg for aspirin. Data are presented by median and interquartile range. Binding in the organs 

from the PET images was measured as a tissue to plasma ratio from 10 to 90 minutes—i.e., 

concentration of radioactivity in the organ divided by the concentration of parent radioligand in 

plasma (SUV/CP). For the ex vivo studies, blood was withdrawn at 10, 30, 60, and 90 minutes. 

Binding of 11C-PS13 was then measured as a ratio of the concentration of radioligand within the 

cells to that in the plasma. We refer to this binding as the distribution volume of the blood cells 

(VBC).  
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Figure 3. Consistency between the percentage blockade of ex vivo blood cells and the spleen by 

ketoprofen and celecoxib, calculated using SUV/CP. 
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Figure 4. Dose-response plots of the percentage blockade in the spleen after oral administration 

of ketoprofen (A) or celecoxib (B). For ketoprofen, the single oral doses ranged from 1 to 75 mg. 

The three left-most points (i.e., those with the lowest plasma concentrations of ketoprofen) were 

from participants who received either 1 or 5 mg po. For celecoxib, the single oral doses ranged 

from 100 to 400 mg, and one participant received the maximal dose. r=Spearman’s correlation 

coefficient.  

  



 24 

 

0 2 4 6 8 10
0

1

2

3

4

SUV/Cp baseline

S
U

V
/C

P

b
a
s
e
lin

e
 -

 b
lo

c
k
e
d

A B

 

Figure 5. Blockade by ketoprofen in the brain of a representative participant (A), and occupancy 

plots of participants after blockade by ketoprofen (colored points in five participants) or 

celecoxib (black points in two participants) (B). (B) These plotted seven participants had the 

greatest blockade among all participants. Each point represents a brain region, and each color 

represents an individual participant. The occupancy (i.e., slope) of cyclooxygenase-1 (COX-1) 

was about 54% for ketoprofen and 31% for celecoxib. Binding was measured as SUV/CP. 
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Figure 6. In vitro experiment with incubated whole blood cells collected from a healthy 

participant. High doses of aspirin and ketoprofen were used; each concentration was 

approximately 39-fold higher than the in vitro IC50. The bar graph presents the mean and 

standard error of the mean from six divided samples with separate centrifuge and gamma-

counting. Percentage blockade is presented by mean percentage blockade from six samples of 

each condition. Binding of 11C-PS13 was measured as the concentration of radioligand within the 

cells to that in the plasma. We refer to this binding as the distribution volume of the blood cells 

(VBC).  
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Kim et al — Whole-body PET imaging in humans shows that 11C-PS13 is selective for cyclooxygenase-1 and can 
measure the in vivo potency of nonsteroidal anti-inflammatory drugs 

 

SUPPLEMENTAL INFORMATION 

Radiopharmaceutical Preparation 

11C-PS13 was prepared as previously described (1), with a molar activity of 91±45 

GBq/µmol at the time of injection under our Investigational New Drug Application 136,241. The 

radiochemical purity was 99.3±0.8%, with these and subsequent data expressed as mean±SD. 

 

Participants 

Demographic characteristics for the 26 healthy volunteers who participated in this study 

can be found in Supplemental Table S1. A baseline whole-body biodistribution study was 

conducted in all participants, and the baseline whole-body imaging data for 15 of the 26 

participants were then used for dosimetry analyses. Whole-body scans blocked with ketoprofen 

were obtained from eight participants, and whole-body scans blocked with celecoxib and aspirin 

were obtained from another eight participants. All participants were medically healthy based on 

their history, physical examination, blood and urine laboratory testing, and electrocardiogram. 

None of the participants had taken any kind of NSAIDs for two weeks or aspirin for four weeks 

prior to the PET scans. All participants gave informed consent in accordance with the National 

Institutes of Health Combined Neurosciences Institutional Review Board (Protocol 17-M-0179; 

NCT03324646).  

 

Blocking studies using ketoprofen and celecoxib 

For blocking studies, baseline and blocked whole-body PET scans were obtained either 

on different days or on the same day with the radioligand injections separated by four hours; the 
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first scan served as the baseline scan, and the second scan served as the blocked scan. Before 

each blocking scan, a single oral dose of either ketoprofen, celecoxib, or aspirin was 

administered. The administered dose ranged over 1-75 mg for ketoprofen, 100-400 mg for 

celecoxib, and 972-1,950 mg for aspirin. The time intervals between administration of the 

blocking drugs and the radioligand injection, as well as between administration of the blocking 

drugs and blood sampling are shown in Supplemental Table S1. The time intervals were 

determined based on the time to peak drug concentration of each blocker. Venous blood was 

collected before and after each PET scan to measure the mean plasma levels of the blocking 

drugs. The time intervals for aspirin were shorter than those for ketoprofen or celecoxib because 

of the significantly faster absorption rate after p.o. administration of aspirin.  

 

PET data acquisition and blood analyses 

Whole-body PET scans were obtained on a Biograph mCT scanner (Siemens 

Healthineers; Erlangen, Germany) in three dimensions; CT scans for attenuation correction were 

acquired in two dimensions before radioligand injection. Following a one-minute intravenous 

bolus injection of 11C-PS13, whole-body dynamic emission scans in 7-8 different bed positions 

were obtained from head to upper thigh for 90 minutes in 11-12 frames (e.g., 4×0.25 min, 3×0.5 

min, 3×1 min, 1×2 min, and 1×4 min for seven bed positions). PET images were reconstructed 

with ordered subset expectation maximization (OSEM) with time of flight (TOF) and resolution 

recovery using the following parameters: three iterations, 21 subsets, 400 matrix size, 1.0 zoom, 

and no post-filter. Each scan image was visually inspected for any significant motion that could 

have affected the quality of data. 
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To determine the plasma radioligand concentrations, venous blood samples were drawn 

from the antecubital vein concurrently with PET scans at about 10, 30, 60, and 90 minutes after 

radioligand injection. In each sample, the concentration of parent radioligand was measured after 

separating plasma from whole blood as previously described (2). The plasma free fraction (fP) of 

11C-PS13 was also measured in triplicate for each scan and with pooled human arterial plasma 

that had previously been collected for purposes of standardization and stored at –80 °C. The 

latter served as the standard for normalization across scans. Measurements were performed by 

ultrafiltration through membrane filters, as previously described (3). 

To investigate the binding of 11C-PS13 in blood cells, the percentage blockade in ex vivo 

blood cells was also calculated in the scans. Blood cell radioactivity concentrations were 

calculated as follows (4): 

𝐶𝐶BC = 𝐶𝐶P + (𝐶𝐶WB − 𝐶𝐶P) 𝐻𝐻⁄  

CBC, CWB, and CP are the concentrations of radioactivity (cpm/mL) in blood cells, whole 

blood, and plasma, respectively, and H is hematocrit.  

Similar to the brain uptake measurements, distribution volume of the blood cells (VBC) 

was defined as: 

𝑉𝑉BC = 𝐶𝐶BC 𝐶𝐶P⁄  

The within-subject difference in the plasma levels of 11C-PS13 between different study 

conditions was compared using the Wilcoxon signed-rank test with significance level set at 

P<0.05 (IBM SPSS Version 28; Chicago, IL, USA). 
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Baseline biodistribution and dosimetry analyses 

Whole-body PET images were calibrated to Bq/mL and analyzed using PMOD 3.9 

(PMOD Technologies Ltd., Zurich, Switzerland). Based on anatomical information from the 

corresponding CT scan, 12 source organs (brain, heart, liver, gall bladder, stomach, spleen, 

lungs, kidneys, small intestine, large intestine, lumbar spine, and urinary bladder) were identified 

on whole-body images, and the time-activity curves were obtained. Subsequent dosimetry 

analyses were performed as previously published (5). The software program OLINDA/EXM 1.1 

was used to calculate radiation equivalent doses according to the Medical Internal Radiation 

Dose using the 70-kg adult male model. 

 

Image analyses of baseline and blocked scans 

Based on anatomical information from the corresponding CT scan, seven organs of 

interest (brain, lungs, heart, liver, spleen, kidneys, and gastrointestinal tract) were identified on 

whole-body baseline and blocked scans, and time-activity curves were obtained. The activity of 

each organ was expressed as standardized uptake value (SUV), calculated by dividing the 

measured radioactivity concentration by the injected radioactivity and body weight. To quantify 

uptake, the mean concentration of radioactivity in each organ was calculated from 10 to 90 

minutes. The first 10 minutes were avoided because they are highly influenced by drug delivery 

and blood volume.  

 To correct for the potential influence of the blocking drugs on metabolism and clearance 

of the radioligand, additional analyses were conducted using a simplified ratio method, with 

venous blood samples drawn at four timepoints during the baseline and blocked scans. The ratio 

of organ SUV to plasma parent concentration (SUV/CP) was calculated from 10-90 minutes 
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using venous blood data from four timepoints (10, 30, 60, and 90 minutes). The percentage 

blockade in each organ was calculated as follows: 

Percentage blockade (%) =
Baseline SUV/CP − Blocked SUV/CP

Baseline SUV/CP
× 100(%) 

Where SUV/CP represents tissue to plasma ratio of mean SUV between 10 and 90 minutes.  

 

Verification of the simplified ratio method with venous blood 

In order to determine whether the SUV/CP calculated from limited venous blood 

sampling could be used for quantitation of 11C-PS13 binding, additional analyses were conducted 

in 11C-PS13 brain scan data obtained for a previously published study (6). Eleven blood data sets 

from six participants were available to compare the arterial and venous plasma concentrations of 

parent radioligand. Twenty full data sets of brain and arterial blood from 10 participants were 

available to compare the simplified ratio method and the full quantitative method, both using 

arterial blood. Seven full data sets of brain and both venous and arterial blood from four 

participants were available to compare the simplified ratio method using venous blood and the 

full quantitative method using arterial blood. Correlations between two different methods were 

analyzed using Spearman’s rank-order correlation method. Bland-Altman plot was used to show 

mean versus percent difference of the results from the two different methods and to provide a 

comprehensive visual assessment of the data by Prism 5.02 (GraphPad Software, Inc., La Jolla, 

CA, USA). The time-stability of the SUV/CP calculated from limited venous blood sampling was 

evaluated from 30 to 90 minutes. The ratio of the spleen SUV/CP values from the truncated scan 

to that from the 90-minute measurement was computed for baseline and blocked condition by 

ketoprofen in eight participants. The results are presented in Supplemental Figure S4. 
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Brain occupancy plot analysis 

To assess whether ketoprofen blocks the uptake of 11C-PS13 in the brain, an occupancy 

plot was used to analyze differences in brain uptake at baseline and after blockade by ketoprofen 

in the eight participants who were scanned with whole-body acquisitions. The brain images were 

extracted from the whole-body scans, normalized on the Montreal Neurological Institute (MNI) 

template, and segmented into 71 regions using the automated anatomical labelling (AAL) atlas 

implemented in PMOD 4.2.  

Although the occupancy plot was not based on absolute quantitation of total distribution 

volume (VT), SUV/CP was used as a surrogate VT and nondisplaceable uptake (x-intercept; 

surrogate VND) was obtained that was consistent in four out of five participants. Binding potential 

(BPND) was calculated from the ratio of specific uptake VS (=VT - VND) and nondisplaceable 

uptake (VND) in each brain region.   

 

Analysis of dose-response relationship 

The plasma concentration of each blocker was measured using the LC-MS/MS method. 

Because the spleen showed the highest baseline 11C-PS13 binding and the highest percentage 

blockade with all three blockers, percentage blockade of 11C-PS13 in the spleen was used as the 

major parameter representing the blocking effects of COX-1 binding in major target organs. The 

correlation between plasma ketoprofen or celecoxib concentrations and percentage blockade of 

11C-PS13 in the spleen was analyzed using Spearman’s rank-order correlation in Prism 5.02.  
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In vitro blood cell experiments 

To observe the effects of different in vitro conditions on the ability of aspirin and 

ketoprofen to block 11C-PS13 binding in blood cells, an additional in vitro experiment was 

conducted using whole blood collected from a separate healthy volunteer. After anticoagulation 

and determination of the hematocrit by microhematocrit centrifugation, half of the whole blood 

was centrifuged, and the plasma was replaced by phosphate buffered saline (PBS) containing 

0.4% dextrose. Each whole blood sample and the sample replaced by PBS and dextrose was 

divided into four aliquots. Either aspirin (66 µM), ketoprofen (1.83 µM), or sham solvent for 

each blocker (DMSO±saline) was added to each sample and incubated at 37 °C for 20 minutes. 

11C-PS13 (10 µCi/5.0 mL) was then added, followed by additional incubation at 37 °C for 20 

minutes. All samples were then assayed in an automatic gamma-counter. 
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Supplemental Table S1. Participant information for each study component 

 

Baseline 

biodistribution 

(n=26) 

Dosimetry 

(n=15) 

Blocking with 

ketoprofen 

(n=8) 

Blocking with 

celecoxib* 

(n=8) 

Blocking with 

aspirin* 

(n=8) 

      

Age (years) 34.9±13.5 30.7±8.8 39.8±15.6 35.4±13.7 35.4±13.7 

Sex (F:M) 13:13 10:5 1:7 5:3 5:3 

Body weight (kg) 71.2±14.0 72.0±14.5 75.2±10.9 69.5±13.8 69.7±14.0 

Time interval between blocker administration 

and radioligand injection (hours) 
- - 2.2±0.2 2.2±0.3 1.2±0.3 

Time interval between blocker administration 

and blood sampling (hours) 
- - 2.0±0.2 and 3.8±0.2 2.0±0.4 and 3.8±0.3 1.1±0.3 and 3.0±0.5 

*The same individuals participated in both studies. 

 



 10 

Supplemental Table S2. Residence times of source organs and remainder of body in 15 healthy volunteers 

Organ Residence time (hour) COV (%) 

Brain 0.0182 17.5 

Heart 0.0084 14.0 

Liver 0.0529 17.0 

Kidneys 0.0041 26.4 

Lungs 0.0234 17.3 

Stomach 0.0031 32.8 

Spleen 0.0180 43.4 

Red marrow 0.0355 44.2 

Gall bladder 0.0007 80.5 

Small intestine 0.0244 25.2 

ULI wall 0.0038 86.0 

Urinary bladder 0.0013 55.6 

Remainder of body 0.2964 8.1 

Total 0.4902  

Abbreviations: ULI: upper large intestine 
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Supplemental Table S3. Radiation dose estimates for 11C-PS13 in 15 healthy volunteers 
Organ Dose (µSv/MBq) COV (%) 
Spleen 27.84 41.0 
Liver 9.80 15.3 
Lungs 7.22 14.3 
Small intestine 5.67 61.1 
Red marrow 5.66 27.2 
Kidneys 5.43 21.0 
Heart wall 5.25 7.0 
Gallbladder wall 5.07 27.2 
Osteogenic cells 4.99 18.8 
Brain 4.59 15.5 
ULI wall 4.43 54.1 
Pancreas 3.54 7.9 
Stomach wall 3.45 26.0 
Adrenals 3.23 3.1 
Urinary bladder wall 2.95 16.7 
Ovaries 2.84 21.7 
Total body 2.77 3.4 
Uterus 2.62 9.1 
LLI wall 2.52 7.3 
Testes 2.41 56.6 
Thymus 2.36 3.3 
Muscle 2.16 4.5 
Thyroid 2.09 5.3 
Breasts 1.94 3.6 
Skin 1.69 5.2 
Effective Dose 4.60 2.5 

Abbreviations: LLI: lower large intestine; ULI: upper large intestine  
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Supplemental Figure S1. Chemical structures of 11C-PS13 and blockers. 

N N

N

CF3

H3CO

O
H3

11C

O CH3

CO2H

N N
CF3

S

H3C

O

ONH2

CO2H
O

O

CH3

11C-PS13 Ketoprofen 

Celecoxib Aspirin 



 13 

 

 

Supplemental Figure S2.  Biodistribution of radioactivity in a healthy female participant after injecting 623 MBq of 11C-PS13. The 

three images are on the same display scale. 
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Supplemental Figure S3. Comparison of plasma 11C-PS13 concentrations between baseline and blocked conditions with ketoprofen 

(A), celecoxib (B), and aspirin (C) (n=8 in each group). Blocking with ketoprofen significantly increased mean plasma 11C-PS13 

concentration (P=0.036), while blocking with celecoxib or aspirin did not. 
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Supplemental Figure S4. Verification of a simplified ratio method using limited venous blood samples in the brain and spleen. (A) 

Comparison of plasma parent concentration between arterial and venous blood at four timepoints (n=11). Data are mean ± SD. Venous 

plasma tended to show lower levels than arterial plasma, although the difference was smaller at later timepoints. (B) The standardized 
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uptake value (SUV) ratio calculated using four timepoints of arterial plasma concentration (arterial SUV/CP) showed excellent 

correlation with total distribution volume (VT) calculated using the two-tissue compartment model and full arterial data in the whole 

brain (n=20; r=0.912, P<0.001). (C) Bland-Altman plot comparing arterial SUV/CP and VT in the whole brain. Although arterial 

SUV/CP showed higher values than VT by 4.2% on average, the percent difference was fairly distributed within the ± 1.96 SD range. 

(D) The SUV ratio calculated using four timepoints of venous plasma concentration (venous SUV/CP) showed excellent correlation 

with VT calculated by the two-tissue compartment model using full arterial data in the whole brain (n=7; r=1.000, P<0.001). (E) 

Bland-Altman plot for comparison between venous SUV/CP and VT in the whole brain. The percent difference was fairly distributed 

within the ± 1.96 SD range with a mean difference of 25.5%. (F) Time-stability analysis of venous SUV/CP of the spleen under 

baseline and blocked conditions by ketoprofen (n=8). Each venous SUV/CP calculated at 30 and 60 minutes was normalized to the 

value measured at 90 minutes. Data are mean ± SD. The plot shows no evidence of radiometabolite accumulation in the spleen. 
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Supplemental Figure S5. The within-subject comparison of 11C-PS13 plasma free fraction between baseline and blocked conditions 

with ketoprofen (A), celecoxib (B), and aspirin (C) (n=8 in each). Blocking with ketoprofen slightly increased free fraction with 

borderline significance (0.42±0.07% at baseline and 0.46±0.09% at blocked; *P=0.050), while blocking with celecoxib or aspirin 

showed no significant difference from baseline (0.37±0.12% at baseline and 0.42±0.10% at blocked with celecoxib; 0.37±0.12% at 

baseline and 0.38±0.17% at blocked with aspirin). 
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Supplemental Figure S6. The correlation plot between plasma concentration of ketoprofen and brain occupancy (%) in five 

participants. The occupancy—the slope in each occupancy plot—could only be estimated from those five of the eight total participants 

who received higher doses of ketoprofen. A trend towards positive correlation was observed that did not reach statistical significance. 

r=Spearman’s correlation coefficient. 

 

 

 




