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ABSTRACT 

Docosahexaenoic acid (DHA, 22:6n-3) is a critical constituent of brain, but its 

metabolism has not been measured in the human brain in vivo.  In monkeys, using 

positron emission tomography (PET), we first showed that intravenously injected [1-

11C]DHA mostly entered non-brain organs, with approximately 0.5% entering brain.  

Then, using PET and intravenous [1-11C]DHA in 14 healthy adult humans, we 

quantitatively imaged regional rates of incorporation (K*) of DHA.  We also imaged 

cerebral blood flow (rCBF) using PET and intravenous [15O]water.  Values of K* for 

DHA were higher in gray than white matter regions and correlated significantly with 

values of rCBF in 12 of 14 subjects despite evidence that rCBF does not directly 

influence K*.  For the entire human brain, the net DHA incorporation rate Jin, the product 

of K* and the unesterified plasma DHA concentration, equaled 3.8 ± 1.7 mg/day.  This 

net rate is equivalent to the net rate of DHA consumption by brain and, considering the 

reported amount of DHA in brain, indicates that the half-life of DHA in the human brain 

approximates two and a half years.  Thus, PET with [1-11C]DHA can be used to quantify 

regional and global human brain DHA metabolism in relation to health and disease. 

 

 

 

Key words: PET, docosahexaenoic acid, brain, human, metabolism, imaging, blood 

flow, n-3, PUFA 
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INTRODUCTION 

The nutritionally essential n-3 polyunsaturated fatty acid (PUFA), 

docosahexaenoic acid (DHA, 22:6n-3), is found in high concentrations in vertebrate brain 

and is reported to influence cell membrane fluidity, enzyme activity (1), ion channels (2), 

and neuroreceptors and their signaling (3-5).  When released from membrane 

phospholipid by a phospholipase A2 (PLA2), unesterified DHA can act as a second 

messenger or can be metabolized to bioactive docosanoids and other products (6-9).  

Decreased dietary n-3 PUFA intake during early childhood is thought to be deleterious to 

brain function, whereas n-3 PUFA deprivation in later life may contribute to depression, 

bipolar disorder, and Alzheimer disease (10-12). 

To understand the role of PUFAs in brain function and structure, it would be 

useful to be able to quantitatively image brain PUFA metabolism in vivo.  We have 

developed a method to do this in unanesthetized rodents for both DHA and arachidonic 

acid (ARA, 20:4n-6) in which regional incorporation coefficients K* of either PUFA are 

imaged using quantitative autoradiography following the intravenous injection of the 

respective radiolabeled PUFA (13-21).  This method has demonstrated that intravenously 

injected radiolabeled DHA or ARA is rapidly incorporated mainly into the 

stereospecifically numbered (sn)-2 position of different brain phospholipids (22, 23).  

This method has also demonstrated that intravenously injected radiolabeled DHA or 

ARA incorporation is increased into synaptic membrane phospholipids following ligand 

activation of a neuroreceptor coupled to PLA2, and that this incorporation can be blocked 

by pre-administration of a PLA2 inhibitor or by pre-administration of an antagonist to the 

targeted receptor (18, 21, 24, 25).  PUFA incorporation into brain phospholipid is 
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unaffected by changes in regional cerebral blood flow (rCBF), thus PUFA incorporation 

into brain phospholipid reflects only brain PUFA metabolism (14, 16, 22).  The 

characteristics of brain DHA metabolism permit the use of an irreversible uptake model 

over the time course of a PET scan. 

The product of the regional incorporation coefficient K* and the respective 

unesterified PUFA concentration in plasma, (the net incorporation rate Jin), represents the 

regional rate of replacement of the quantity of PUFA that is metabolized in brain and lost 

from brain (18).  This is because the other forms of plasma PUFA (i.e. esterified in 

lipoproteins) were shown not to contribute measurably to brain uptake (26, 27) and 

because circulating precursors of ARA (linoleic acid, 18:2n-6) and of DHA (α-linolenic 

acid, 18:3n-3), after entering the adult brain, are largely lost by metabolism and are not 

elongated to ARA or DHA (28-31).  Thus, Jin for DHA was shown to equal the rate of 

DHA loss from brain, calculated following intracerebral injection of radiolabeled DHA in 

unanesthetized rats (32).  Consequently, measuring K* and Jin in vivo can provide an 

estimate of brain consumption of the PUFA in relation to aging and disease and under 

different experimental conditions.  Furthermore, since PUFAs are nutritionally essential, 

these consumption rates might be used to estimate daily PUFA dietary requirements of 

the brain. 

 In view of the importance of PUFAs to brain structure and function, and of 

evidence that certain human brain disorders as well as human cognitive functions can be 

influenced by the dietary PUFA content, we thought it of interest to extend our in vivo 

animal method to quantitatively image regional PUFA metabolism in the human brain.  

To do this, we first developed a radiosynthetic method for positron-emitting [1-
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11C]polyhomoallylic acids, including ARA and DHA (33, 34).  We then used 

intravenously injected [1-11C]ARA together with positron emission tomography (PET) to 

image regional brain incorporation coefficients K* and calculate regional incorporation 

rates Jin of ARA in monkey and humans, in the resting state (35, 36) and following 

functional activation (37).  In the present study, after estimating radiation exposure 

parameters (organ distribution and radiation absorbed dose) from studies with [1-

11C]DHA in rhesus monkeys (Appendix I), we performed PET to measure K* and Jin for 

DHA in fourteen healthy human volunteers.  

 

MATERIALS AND METHODS 

 

Human subjects 

The clinical protocol (No. 04-AA-0058) was approved by the Institutional Review 

Board of the National Institute on Alcohol Abuse and Alcoholism and by the NIH 

Radiation Safety Committee.  Written informed consent was obtained from participants, 

who were reimbursed for their participation.  We studied eight female and six male 

healthy volunteers (mean age ± SD 36 ± 15 years; range: 19 to 64 years) who were 

recruited from the Bethesda, Maryland area.  Each participant was a non-smoker and took 

no medication, drug or alcohol for at least 2 weeks prior to the PET scan.  Subjects 

underwent an extensive history and physical examination with laboratory tests to insure 

that they were entirely healthy with no history of neurological or psychiatric disorders.  

Healthy subjects vary widely in dietary n-3 PUFA intake resulting in wide individual 

variations in tissue n-3 PUFA concentrations.  To avoid as much variation as possible, 
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three days preceding the scan subjects avoided foods high in n-3 PUFAs (e.g. seafood) 

and were limited to one caffeinated beverage per day.  Beginning 24 hours before the 

PET scan, they consumed standardized meals; in addition they did not eat for 12 hours 

prior to the scan.  On the morning of the PET scan, all subjects were confirmed to have 

fasting blood glucose levels in the normal range, with a mean ±  SD of 91.2 ± 10.5 

mg/100 ml.  

 

Radiochemistry of [1-11C]DHA  

[1-11C]DHA was synthesized by the Grignard reaction as previously described, 

with a specific activity > 500 μCi/nmol (34). High performance liquid chromatography 

(HPLC) analysis of aliquots of the final product revealed greater than 98.6 ± 0.9% (n = 8) 

radiochemical purity.  

 

Human PET scanning 

Subjects stayed in the hospital overnight and venous and arterial lines were 

inserted on the morning of the PET scan.  The procedures followed those used in a PET 

study with [1-11C]ARA (36).  Scans were performed with a General Electric Advance 

Tomograph (Waukesha, WI) that acquires 35 simultaneous slices separated by 4.25 mm. 

PET image counts were converted to μCi/cc by scanning a 16-cm cylindrical phantom 

containing known radioactivity.  Each subject was scanned in a quiet room with his eyes 

open and ears unoccluded, while his head was held in place by a thermoplastic facemask.  

Scans were obtained parallel to the orbitomeatal (OM) line.  A transmission scan was 

obtained first to correct for attenuation, followed by a bolus intravenous injection of 370 
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MBq (10 mCi) [15O]water to acquire a 60-second scan in 3D mode.  Automatic arterial 

sampling was used to produce PET images of rCBF (38).  Fifteen minutes following the 

injection of [15O]water, 1118 ± 24 MBq (30.2 ± 0.7 mCi) [1-11C]DHA was infused 

intravenously for 3 minutes at a constant rate (Harvard Infusion Pump, South Natick, 

MA).  Because of the high specific activity of the infused [1-11C]DHA (see above), less 

than 0.06 μmol of unlabeled DHA was infused into a subject.  Diluted in a plasma 

volume of about 3000 mL, this amount would not have changed unesterified plasma 

DHA by more than 0.2%, and thus was unlikely to have a significant metabolic or 

biological effect.  Serial dynamic 3-D scans were acquired during one hour following the 

start of infusion.  Arterial blood samples (2-5 ml) were obtained at fixed times to 

determine radioactivity in whole blood and plasma.  In addition, a subset of these samples 

(0, 3, 7, 10, 15, 20, 40 and 60 min) was used to measure blood [11C]CO2, and the parent 

fraction of [1-11C]DHA. 

 Correction for subject motion during the 60-minute PET acquisition was 

performed with a mutual information registration of each time frame to a standard frame 

before attenuation correction.  Based on calculated motion, transmission images were 

resliced and projected for final attenuation correction, reconstruction, and realignment.  

Final reconstructed images included corrections for attenuation, scatter, random 

coincidences, dead time, and decay.  The final image resolution was 6-7 mm in all three 

dimensions.  

 

Determination of plasma [1-11C]DHA input function (plasma curve) 
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Considering the short 20.4 minute half-life of 11C, it was necessary to develop a 

method that would rapidly assay plasma [1-11C]DHA during a PET scan.  To do this, we 

developed a solid phase extraction procedure to separate unesterified [1-11C]DHA from 

remaining plasma radioactivity.  From plasma samples collected at 0, 3, 7, 10, 15, 20, 40 

and 60 minutes post-infusion of [1-11C]DHA, total lipids were extracted into chloroform: 

methanol (1:1) by a method adapted from Bligh and Dyer (39).  The original method was 

modified to allow for a rapid single-step extraction due to 11C decay.  Briefly, 0.3 ml of 

plasma was placed into glass centrifuge screw-cup tubes containing a mixture of 1 ml 

methanol, 1 ml of chloroform, and 0.6 ml of water.  The tubes were purged with nitrogen, 

sealed, vigorously vortexed for 30 seconds, and centrifuged at 4,000 rpm for 5 minutes.  

The bottom layer containing the total lipid extract was collected by aspiration.  Using this 

single pass extraction, recovery of available total lipids from the plasma sample was 

found to be in the range of 50 – 60%, with the remainder still found in the aqueous phase.  

Recovery of lipids from plasma for this extraction procedure was determined in a 

separate experiment using 14C- and 3H-labeled individual lipid probes.  

 Solid phase extraction analysis was carried out on 500 mg aminopropylsilane 

(NH2) cartridges (BAKERBOND speTM; JT Baker, Phillipsburg NJ) according to a 

method adapted from Agren (40).  The total lipid extracts were evaporated to complete 

dryness under a stream of nitrogen gas in a heating block maintained at 45oC.  The lipid 

extracts were dissolved in 0.25 ml of hexane-MTBE-acetic acid (100:3:0.3) loading 

solvent.    

A 0.1 ml aliquot of this solution was reserved for counting and 0.1 ml was applied 

onto solid phase extraction cartridges for separation into lipid classes.  The separations 
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were performed on a vacuum manifold under 30-40 mm Hg vacuum.  Four to ten samples 

were separated simultaneously.  Prior to separation, the solid phase extraction cartridges 

were pre-conditioned with 10 ml of hexane.  Combined cholesterol ester and triglyceride 

fractions were eluted with 10 ml of hexane-chloroform (2:1), non-esterified fatty acids 

with 10 ml of chloroform-methanol-acetic acid (100:2:2) and phospholipids with 8 ml of 

isopropanol-3N methanolic HCl (4:1).  

All lipid fractions were collected and counted with a calibrated gamma counter.  

This procedure also was applied to a reference blood sample taken before injection, to 

which approximately 185 MBq (5 µCi) of [1-11C]DHA was added.  Of the original 

plasma total lipid extract loaded on the solid phase extraction column, greater than 98% 

of the counts were recovered in the non-esterified fatty acid fraction (second elution 

step), and very few counts, if any, were associated with the plasma triglycerides, 

cholesteryl ester, and phospholipids.   

The final continuous function for the [1-11C]DHA fraction was determined as the 

product of two fitted curves, one for the time-varying recovery and one for the non-

esterified fatty acid fraction determined by the ratio of the second fraction to the sum of 

the fractions.  The continuous functions were chosen based on those described previously 

(36). 

To verify the identity of the tracer determined from the solid phase extraction 

procedure, we conducted a separate procedure on a subset of samples.  HPLC was 

performed on the unesterified plasma fatty acid fraction from the second elution step to 

determine percent radioactivity due to [1-11C]DHA.  Measurements were made on 5-ml 

plasma samples at 10 minutes post-infusion of [1-11C]DHA, as well as on plasma spiked 
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with [1-11C]DHA.  The fractions were dried under nitrogen gas, redissolved in methanol, 

and separated by high performance liquid chromatography (System Gold ® model 126, 

Beckman; Fullerton, CA) using a 25 cm x 4.6 mm i.d., C18 reverse phase column (Luna 

(I) TM, Phenomenex; Torrence, CA).  Elution (2 ml/min) of unesterified fatty acids was 

by a linear gradient of acetonitrile/15 mM H3PO4 in water, initiated and held at 80: 20 

(v/v) for 1 minute, increased to 96: 4 (v/v) in 10 minute, held at 96: 4 (v/v) for 10 

minutes, and returned to 80: 20 (v/v) in 1 minute (41).  Elution was monitored at 192 nm 

with an ultraviolet/visible light detector (Model 151, Gilson; Middleton, WI).  

Radioactivity profiles were obtained with an on-line flow scintillation counter (β-Ram, 

model 2B, IN/US Systems, Tampa, FL) using a 2:1 ratio of scintillation cocktail (IN-

FLOW™ 2:1, IN/US Systems) to monitor high performance liquid chromatography 

column outflow.  The radioactive signal was monitored using a Laura Lite 3 computer 

program (version 3.2, IN/US Systems, Lab Logic Systems Ltd).  Following the 

manufacturer’s instructions, the counting window was set at 80 - 1000 keV to capture 

both gamma and beta particle emissions from [11C] decay events.  Peaks were identified 

against retention times of unlabeled standards of unesterified fatty acids, as well as [1-

14C]-standards of unesterified palmitic (16:0), linoleic, α-linolenic, eicosapentaenoic 

(20:5n-3), arachidonic, and docosahexaenoic acids (PerkinElmer, New England Nuclear 

Life Science Products; Boston, MA).  Under these conditions, recovery of unesterified 

fatty acids through the high performance liquid chromatography column was 95-98%.   

 

Analysis of plasma unesterified fatty acid concentrations  
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To measure unesterified unlabeled fatty acid concentrations, total lipids were 

extracted from plasma samples taken at 0, 30, and 60 minutes after beginning [1-

11C]DHA infusion, using a partition system of chloroform, methanol, and 0.5 M KCl (2: 

1: 0.75, v/v/v)(42) at a ratio of 25:1 to plasma.  Prior to extraction, unesterified unlabeled 

heptadecanoic acid (17:0) was added as an internal standard.  Extracts were separated by 

thin layer chromatography (TLC) on silica gel 60 plates (EM Separation Technologies, 

Gibbstown, NJ) using a solvent system of heptane/diethyl ether/glacial acetic acid (60: 

40: 3, v/v/v) (43).  The TLC plates were sprayed with 0.03% (w/v) toluidine-2-

naphthalene sulfonic acid in 50 mM Tris buffer (pH 7.4) and lipid bands were visualized 

under ultraviolet light.  Positions for unesterified fatty acids were identified using 

standard 17:0 run separately on the plates.  The lipid bands containing unesterified fatty 

acids were converted to fatty acid methyl esters using 1% H2SO4 in methanol (44), which 

then were separated on a 30 m x 0.25 mm i.d. capillary column (SP-2330, Supelco; 

Bellefonte, PA) using a gas chromatograph with flame ionization detector (Model 6890N, 

Agilent Technologies; Palo Alto, CA).  Runs were initiated at 80 oC, with a temperature 

gradient to 160 oC (10 oC/min) and 230 oC (3 oC/min) in 31 minutes, and held at 230 oC 

for 10 minutes.  Peaks were identified by retention times of fatty acid methyl ester 

standards.  Unesterified fatty acid concentrations (nmol/ml) were calculated by 

proportional comparison, as a mol to mol ratio, of gas chromatograph peak areas for the 

fatty acids to the area of the added 17:0 internal standard.  Data from the three time 

periods were averaged. 

 

Magnetic resonance (MR) image acquisition  

 at N
IH

 Library on M
arch 12, 2009 

w
w

w
.jlr.org

D
ow

nloaded from
 

http://www.jlr.org


 13    
 

     

A 1.5 Tesla Horizon (General Electric, Milwaukee, Wisconsin) MR scanner was 

used to obtain T1-weighted volumetric spoiled gradient MR images (echo time = 5.4 ms, 

flip angle = 20o, repetition time = 14 ms) images.  Images were acquired in a coronal 

orientation (0.94 x 0.94 x 2 mm voxel size, 256 by 256 by 124 slices) and resliced to the 

transverse plane for analysis.   

 

Modeling  

 For each subject, rCBF images from the [15O]water scan were registered to the 

MR brain volume using a 6-parameter transformation and a mutual information cost 

function (45).  The same transformation was applied to the [1-11C]DHA parametric 

images so that all analyses were performed in the subject’s individual MR space. 

 The following equation was used to fit the dynamic PET data to estimate regional 

incorporation coefficients (K*) of [1-11C]DHA by non-linear least squares, 

 

Ci(t − Δt) = VbCb (t) + K * Cp (s)ds + CCO 2(t)
0

t∫     (Equation 1) 

 

Ci(t) is the whole brain time-activity curve determined from the dynamic PET data, Δt is 

the delay between the blood and brain curves, Cb(t) is the whole blood time-activity curve 

(nCi/mL), Vb is blood volume (mL blood/mL brain), Cp is the plasma input function 

(nCi/mL) corrected for metabolites, CCO2(t) is the predicted brain tissue concentration of 

[11C]CO2, and K* (µL/min/mL brain) is the unidirectional incorporation coefficient of [1-

11C]DHA.  This equation assumes that all [1-11C]DHA is irreversibly trapped in the brain, 

and that no radioactive metabolite other than [11C]CO2 crosses the blood-brain barrier.  

 at N
IH

 Library on M
arch 12, 2009 

w
w

w
.jlr.org

D
ow

nloaded from
 

http://www.jlr.org


 14    
 

     

Brain concentrations of [11C]CO2 were estimated from blood [11C]CO2 measurements 

(nCi/mL) as previously described (36).  Equation 1 was used to estimate Δt, Vb, and K* 

from a whole-brain time-activity curve.  Then, on a pixel-by-pixel basis, images of K* 

and Vb were obtained by linearly fitting Equation 1 to the data with Δt fixed to the global 

value.  

  The incorporation coefficient, K*, when multiplied by the plasma concentration 

of unesterified unlabeled DHA, Cpl, gives the net influx of unesterified DHA from plasma 

into brain, Jin (18). 

 

Jin = Cpl K*       (Equation 2)           

 

As noted in the Introduction, Jin equals the rate of metabolic loss of DHA from brain (18, 

29).  Jin for the whole brain was obtained by summing Jin for all gray and white matter 

voxels. 

 

Partial volume error (PVE) correction  

Because of the limited spatial resolution of a PET scan, underestimation of 

radioactivity can occur in high-activity gray matter ROI.  To provide the most accurate 

measure of activity in specific regions of gray matter, we corrected for this partial volume 

error (PVE).  This correction is not necessary when examining the brain as a whole.  We 

used anatomic information from the MR images with an algorithm, as previously 

described, to determine values of K*, Vb, and rCBF for ROI (35).  Gray matter pixels 

were corrected for spill-in of activity from white matter and for spill-out of activity.  MR 
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segmentation was performed after non-brain regions were eliminated from the MR image 

using automatic and manual methods (46).  An adaptive fuzzy C-means algorithm was 

used to perform segmentation (47). 

 

Regions of interest (ROI) 

ROI were drawn manually on individual MRI on six continuous axial MR slices.  

Non-PVE corrected values of K*, Vb, and rCBF, as well as corrected values, were 

obtained for gray matter regions from PET images by limiting averaging to voxels 

identified as gray matter by the segmentation procedure.  Global gray matter values were 

determined by averaging all voxels in the gray matter mask.  K*, Vb , and rCBF for white 

matter were obtained from the PET images by limiting the averaging to voxels identified 

as 99% pure white matter from the smoothed white matter mask.  

 

Statistics 

Results are presented as means ± S.D.  Statistical analysis was performed using 

STATISTICA for Windows 6.0 (Statsoft, Tulsa, OK), with significance set at p ≤ 0.05. 

 

RESULTS 

 

 [1-11C]DHA metabolism and plasma radioactivity 

 

    (Figure 1 near here: HPLC picture) 
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High performance liquid chromatography was used in four subjects to validate the 

solid phase extraction method of estimating the plasma [1-11C]DHA input function 

(Figure 1).  In the plasma sample that had been spiked with [1-11C]DHA, 98 + 1% of the 

radioactivity was [1-11C]DHA (Figure 1A).  At 10 minutes post-infusion, by which time 

most of the brain incorporation of [1-11C]DHA had taken place, [1-11C]DHA represented 

90 + 4% of unesterified fatty acid radioactivity measured in human plasma (Figure 1B).  

There was no measurable radioactivity in shorter-chain fatty acids at 10 minutes, or 

evidence of recycled [11C] in saturated fatty acids such as palmitate (16:0) or stearate 

(18:0).  The remaining radioactivity was mainly found within a single unknown peak that 

eluted shortly after the [1-11C]DHA, at approximately 10 minutes (Figure 1B).  This peak  

is unlikely to be an elongation, limited chain shortening (peroxisomal beta-oxidation), or 

carbon recycling product of DHA, since DHA elongation does not biologically occur, 

carbon recycling of 11C into other fatty acids would be a slow/limited process, and the 

11C-label would have been lost during any chain shortening event.  Because traces of this 

peak also appear in the spike sample (Figure 1A), the peak may have been derived from 

that sample. 

 

  (Figure 2: radioactivity due to DHA) 

 

Plasma radioactivity as determined by solid phase extraction peaked sharply at the 

end of the 3-minute infusion and declined to 10.9% of the peak value by 20 minutes 

(Figure 2A), consistent with a plasma half-life of about 2 minutes.  The ratio of whole 

blood to plasma radioactivity equaled 0.62 ± 0.06 at 3 minutes and 0.64 ± 0.06 at 10 
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minutes, suggesting that red blood cell metabolism of DHA was not an important 

consideration for our calculations.  Radioactivity due to [11C]CO2 tended to plateau at 4% 

of total after about 30 minutes (not shown).  Percent total plasma radioactivity present as 

unchanged [1-11C]DHA equaled 87% ± 4% , 79% ± 7%, 69% ± 7%, 58% ± 8%  and 35%  

± 8% at 5, 10, 20, 30 and 60 minutes, respectively, following initiation of infusion 

(Figure 2B).  Aqueous radioactivity approximated 5% of total plasma radioactivity after 

10 minutes.  Approximately 1.3% ± 2.6 % of the radioactivity was due to cholesteryl 

ester and triglycerides, and 0.5% ± 1.3% of the radioactivity was due to phospholipids 

and other polar lipids.  In the HPLC analysis of the plasma free fatty acid fraction there 

were no peaks that had retention times corresponding to 11C-labeled saturated fatty acids, 

especially palmitic (16:0) and stearic (18:0) acids. 

 

Brain radioactivity and imaging 

 

    (Figure 3; PVE corrected PET images) 

 

Figure 3 presents horizontal brain PVE-corrected rCBF and K* images from one 

subject compared with his respective anatomic MR image.  The figure illustrates regional 

differences in rCBF and K* among gray matter regions and higher values of both 

parameters in gray than in white matter regions.  

 

   (Table 1; regional PET values) 
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Non-PVE corrected values for whole brain gray matter K* equaled 2.64 ± 0.35 

µL.min-1.mL-1, and for whole brain white matter equaled 1.45 ± 0.41 µL.min-1.mL-1.  For 

the entire brain (gray + white matter), uncorrected K* equaled 2.46 ± 0.35.  The PVE 

correction of region gray matter increased values of K* by 12% in medial temporal cortex 

to 58% in orbitofrontal cortex region (data not shown), consistent with our prior study 

with [1-11C]ARA (35).  As reported earlier (35), increases also were produced by PVE 

corrections in rCBF and Vb.  Mean gray matter Vb equaled 0.057 ± 0.008 mL/mL before 

the PVE correction.  

Table 1 lists mean PVE-corrected values of K*, rCBF, and Vb, calculated by 

Equation 1, in each of 20 ROI.  In gray matter regions, K* ranged from 2.32 µL min-1 

mL-1 in the medial temporal cortex to 4.88 µL.min-1.mL-1 in the superior parietal cortex 

and was on average 2.6 fold higher in gray than white matter.  For comparison, non-PVE 

corrected K* in gray matter regions ranged from 2.07 µL min-1 mL-1  in the medial 

temporal cortex to 3.18 µL min-1 mL-1 in the superior parietal cortex (data not shown), 

showing a greater PVE effect (+ 53%) on the latter region than on the former (+ 12%). 

PVE-corrected rCBF ranged from 46.2 mL.min-1.100 g-1 in the medial temporal 

cortex to 84.3 mL.min-1.100 g-1 in the calcarine cortex and on average was 2.9 fold higher 

than in white matter (Table 1).  PVE-corrected gray matter Vb (ml/ml) ranged from 0.046 

± 0.013 in the cerebellar vermis to 0.142 ± .043 in the superior parietal cortex whereas 

white matter Vb equaled 0.028 ± 0.005.  High values of Vb may reflect close proximity of 

the ROI to vascular structures.  There was no statistically significant gender difference in 

Vb, rCBF, or K*. 
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   (Figure 4: plot of K* vs. rCBF) 

 

The relation of PVE-corrected K* to PVE-corrected rCBF for the 20 ROI (19 gray 

matter regions and 1 white matter region) identified in Table 1, was determined for each 

of the 14 subjects.  Figure 4 presents data for one such subject, which had a statistically 

significant Pearson correlation coefficient between K* and rCBF of 0.83 (p < 0.0001).  

Twelve of the 14 correlation coefficients were statistically significant; the mean value for 

the 14 subjects was 0.63 ± 0.23.  The mean coefficient derived from the original PVE 

uncorrected data (10 of 14 were statistically significant) equaled 0.56 ± 0.25.   

 

  (Table 2, plasma fatty acids) 

 

DHA incorporation rate Jin 

 Table 2 presents mean plasma concentrations of certain unesterified fatty acids, 

which are consistent with a previous report (48).  Using the mean concentration of 

unesterified DHA, 2.63 ± 1.17 nmol/mL, the incorporation rate Jin of DHA into whole 

brain was calculated by Equation 2 from the global value for K* before PVE correction.  

For the 14 subjects, Jin equaled 2.64 ± 0.35 µL.min-1 .mL-1, equivalent to 0.0093 ± 0.0044 

μmol.ml-1.day-1.  Taking into account whole brain volume as determined by MR, 1231 

ml, this is equivalent to a DHA incorporation rate of 3.8 ± 1.7 mg/day for the brain as a 

whole.  

 

DISCUSSION 
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We used PET with intravenously injected [1-11C]DHA and an irreversible uptake 

model to determine regional brain incorporation coefficients K* for DHA in 14 healthy 

adult volunteers, in whom potentially confounding diet or medication effects on brain 

fatty acid metabolism were minimized.  As has been shown, the calculated net 

incorporation rate of DHA into the brain, Jin, represents the net rate of brain DHA 

consumption (18, 29, 32).  The calculated rate in this paper for the human brain, 0.0093 ± 

0.0044 µmol.ml-1.day-1, is equivalent to a DHA consumption rate of 3.8 ± 1.7 mg/day.  

 Dividing Jin by 5 g, the reported amount of DHA in the human brain (49), gives 

an estimated whole brain DHA turnover rate (daily incorporation rate/amount) of 0.076 

% per day, equivalent to a half-life (0.695/turnover rate) of 911 days (2.5 years).  

However, since the 5 g figure was derived from limited published data, these calculations 

should be considered preliminary. 

While a half-life of 2.5 years may seem at first very long, using this value shows 

that brain DHA would fall by 5% within 49 days of its disappearance from plasma.  We 

don’t know how sensitive human brain function would be to a 5% drop in brain DHA 

content, but if it is very sensitive, dietary n-3 PUFA deprivation for only a few months 

might lead to functional brain changes.  For comparison, 15 weeks (105 days) of dietary 

n-3 PUFA deprivation in the post-weaning rat produced a 30% reduction in brain DHA 

content and altered behavior (32, 50). 

A half-life measured in years leads us to consider that any potential benefit of 

increasing brain DHA concentration though dietary change may not be fully manifest in 

clinical trials whose duration is measured in weeks. A DHA half-life in years also leads 

us to question the physiological basis of reported benefits within weeks of increasing 
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dietary DHA in patients with psychiatric disorders (12).  Such relatively rapid 

improvements, if they occur, may not depend on alterations in the total overall DHA 

concentration of brain membranes.  Instead, the mechanism for such effects might 

involve a rapid peripheral action of n-3 PUFAs on cytokines which could secondarily 

influence neuropsychiatric functioning (51).  Alternatively, an acute dietary DHA change 

may selectively affect the composition of newly formed neuronal membranes in discrete 

regions of the adult brain or influence synaptic remodeling and neurogenesis(52).  In the 

adult human, newly formed neurons (and perhaps synapses also) may help to shape 

existing neural circuitry and thereby permit rapid changes in neuropsychiatric function in 

response to dietary change (53, 54).   

When injected, [1-11C]DHA was taken up to a greater extent in gray than white 

matter and varied 2-fold in gray matter regions, consistent with previous studies in rats 

(19, 20). (Table 1)  High uptake into the neocortex is consistent with evidence that 

incorporation of DHA occurs into phospholipids of brain synaptic membranes (21), that 

DHA is enriched in aminophospholipids of gray matter (55, 56), and that high levels of 

DHA are found in gray matter (57).  When injected, [1-11C]DHA was taken up to a 

greater extent in gray than white matter and varied 2-fold in gray matter regions, 

consistent with previous studies in rats (19, 20). (Table 1)  High uptake into the neocortex 

is consistent with evidence that incorporation of DHA occurs into phospholipids of brain 

synaptic membranes (21), that DHA is enriched in aminophospholipids of gray matter 

(55, 56), and that high levels of DHA are found in gray matter (57).  Such uptake can be 

increased during neurotransmission or reduced by visual denervation   (19, 22, 24), and 
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also may represent active DHA metabolism during synaptogenesis and docosanoid 

formation.  

The much lower values of K* in the medial temporal cortex are consistent with 

previous reports for [1-11C]ARA and with values for rCBF (35, 36).  The data likely 

reflect the unique architecture of this region although there is some effect of the PVE 

correction (e.g. +12% for medial temporal cortex compared with +53% for superior 

parietal cortex, see Results). 

A PVE correction of data is critical when comparing individuals and populations 

of different ages or when examining effects of disorders such as alcoholism or Alzheimer 

disease which are accompanied by cerebral atrophy (35, 58, 59).  Our PVE-corrected 

(and uncorrected) values for rCBF were comparable to values reported in other studies; 

mean gray matter PVE-uncorrected Vb (0.057 ± 0.008 mL/mL) was similar to the mean 

reported in a prior PET ARA study (0.055 ± 0.006 mL/mL) (35, 36, 60). 

Our PVE-corrected K* in global gray matter equaled 4.04 ± 0.53 μL.min-1.mL-1, 

and our PVE-corrected gray to white matter ratio equaled 2.63 ± 0.63 (Table 1).  These 

data can be compared to a prior PET study measuring K* for ARA, which reported global 

PVE-corrected gray matter values of 7.03 and 7.34 μL.min-1.mL in young and old 

subjects, respectively.  Considering that the unesterified plasma ARA concentration 

equaled 3.8 ± 1.7 nmol.mL-1, global gray matter Jin equaled 0.025-0.039 μmol.g-1 day-1, 

which is double the Jin for DHA (0.0093 ± 0.0044 μmol.ml-1.day-1 ) (35).  This suggests 

that the rate of brain consumption of ARA is approximately twice that of DHA.  

Regional values of K* for DHA were significantly correlated with rCBF in 12 of 

the 14 subjects.  This correlation was not determined by a dependence of K* on rCBF, 
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but by the fact that both parameters represent common aspects of regional brain 

metabolism.  K* for DHA is thought to reflect the rate of DHA consumption by brain, in 

relation to the role of DHA in signaling and to its metabolism to docosanoids and other 

products, including reactive oxygen species (21, 22, 61-63).  rCBF, which is coupled to 

brain glucose consumption (64), is thought to reflect any of a number of energy-

demanding metabolic processes including synaptic activation and reincorporation of 

unesterified DHA into membrane phospholipid (65, 66).  

K* for fatty acids has been shown to be independent of changes in rCBF during 

functional activation or hypercapnia in rats and in patients with Alzheimer disease (16, 

22, 67)}. The basis for this independence is the ability of bound unesterified fatty acids to 

rapidly and reversibly dissociate from plasma albumin as blood passes through the brain, 

resulting in a fractional incorporation that is inverse to circulation time (14, 68). 

A model including one tissue compartment, Vb (blood volume), and K* was used 

to analyze the time-activity curve.  The model assumes that aqueous metabolites are not 

biologically important in the analysis.  This and other assumptions underlying Equation 1 

are approximately satisfied in our model.  Studies at 5 minutes after intravenous injection 

of [1-14C]DHA or [1-14C]ARA in unanesthetized rats showed that about 90% of brain 

radioactivity is incorporated by then in stable brain lipids, mainly phospholipids, and that 

the remainder is in the aqueous brain pool (23, 69).  In rats and mice injected with 

radiolabeled DHA and ARA, after a short time, some aqueous plasma metabolites do 

appear and could potentially contribute to brain radioactivity.  Directly injecting the 

aqueous pool and other studies show that its contribution to brain radioactivity is minimal 

(it may account for some of the brain aqueous radioactivity) (70).  In our studies, about 
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5% of plasma radioactivity 10 minutes after intravenous [1-11C]DHA injection was in the 

aqueous plasma pool.  Furthermore, since brain radioactivity does not increase beyond 5 

minutes after radiotracer PUFA injection in either animals or humans (36, 70), any 

aqueous contribution to brain radioactivity beyond this time is biologically unimportant.   

The HPLC procedure that we performed on a sub-sample of four subjects allowed 

us to verify the accuracy of the rapid solid phase extraction procedure that is used to 

compute the [1-11C]DHA input function.  Using the HPLC procedure at the 10 minute 

time point, we found that all but approximately 10% of the radioactivity in the isolated 

fatty acid fraction was DHA.  It was not feasible to perform the HPLC procedure later in 

the scan because the signal from the [1-11C]DHA was too low for detection.  However, 

the fact that most (approximately 60%) of the [1-11C]DHA availability occurs within the 

first ten minutes limits the magnitude of any resulting error.  Therefore, we consider 10-

20% to be the upper limit to any overestimation of the input function (and therefore 

overestimation of K*).  

In summary, with the help of PET and intravenously injected [1-11C]DHA, this 

study demonstrates that circulating unesterified DHA is taken up by the human brain at a 

global rate in healthy subjects of 3.8 ± 1.7 mg/day.  Our PET method provides a 

functional image of regional incorporation of circulating unesterified DHA into brain, 

and could be used in the future to investigate effects of age, gender, disease, genetic 

variation, traumatic injury, and nutritional status on brain DHA utilization.  The method 

also could be used to examine the regional brain DHA consumption when activated by 

physiological or pharmacological stimulation (22), using two scans with two injections of 

[1-11C]DHA, as has been done with [1-11C]ARA (37).  
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APPENDIX I.  

Under a protocol approved by the Institutional Animal Care and Use Committee 

of the NIH Clinical Center, whole body PET scans were performed in three isofluorane-

anesthetized Rhesus monkeys, weighing 9.0 - 10.9 kg, to estimate organ biodistribution 

and human radiation absorbed doses of intravenously injected [1-11C]DHA (36).  Scans 

were performed in the 2D mode using a General Electric Advance Tomograph 

(Waukesha, WI).  A two-hour dynamic scan sequence was collected following 

intravenous injection of 1480-1887 MBq (40-51 mCi) [1-11C]DHA.  Regions of interest 

(ROI) were drawn over organs on contiguous slices on the images summed over time. 

Time-activity curves (not corrected for radioactive decay) from the ROI for each 

organ were averaged, and the average curves extrapolated by fitting the tail to a 

monoexponential. The curve for each organ was integrated to infinity, and the result 

multiplied by organ volume and divided by injected dose to calculate the organ residence 

time which was then scaled to reference man.  For the remainder of the body, residence 

time was obtained by subtracting the sum of organ residence times from the maximum 

residence time for a 11C-labeled tracer, 29.4 minutes.  Radiation absorbed doses were 

calculated from the average residence times with MIRDOSE 3.1 (71), using tissue 

weighting and other relevant assumptions from the International Commission on 

Radiological Protection Publications 23 and 80 as well as other sources (72-74). 

 

  (Appendix Figure 1 and Appendix Table 1: Calculated Radiation Exposure) 
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Radioactivity was estimated with PET in the liver, heart wall, kidney, lungs, 

spleen, skeletal muscle, brain, testes and urinary bladder contents of each of the three 

monkeys.  High activity levels were rapidly achieved in the liver without apparent 

washout of activity over two hours (Appendix Figure 1).  There was no hepatobiliary 

excretion of tracer and tracer elimination via the urine was modest.  Appendix Table 1 

shows that the highest human absorbed radiation doses (mrad/mCi) are to liver (156), 

heart wall (50), kidney (37), gall bladder wall (25), spleen (24), and lungs (23) with an 

effective dose of 17 mrem/mCi.  Under Radioactive Drug Research Committee 

regulations (maximum dose of 5 rads to the critical organ per administration, 15 rads per 

12 months), human research subjects may receive up to 1184 MBq (32 mCi) of [1-

11C]DHA per study.  Our study involved a maximum of exposure 4.68 rem to the liver as 

the critical organ.   
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FIGURE LEGENDS 

 

Figure 1.  High performance liquid chromatography radioactivity trace (relative 

response of detector in mV) versus elution time (min).  A:  Plasma unesterified fatty 

acids extracted from baseline (0 min), spiked with [1-11C]-DHA; B:  Plasma unesterified 

fatty acids collected 10 minutes post-infusion of [1-11C]DHA; Absorbance (192 nm) 

traces for panels A and B are not shown.  The arrow represents an unknown peak (see 

text). 

 

Figure 2.  A: Plasma radioactivity normalized to injected dose, as a function of 

time after a 3-minute intravenous infusion of [1-11C]DHA.  Data represent mean of 14 

subjects.  B:  Fraction of net plasma radioactivity due to the contribution of injected 

unesterified [1-11C]DHA (parent fraction) as a function of time after beginning injection.  

Data represent mean of 14 subjects.    

 

Figure 3.  Transverse images from one subject at level of basal ganglia.  In the 

color scheme, blue represents the minimum and red the maximum value.  A:  MR image.  

B:  K* image after corrected for PVE, color scaled to maximum (red) of 8 µL/min/mL.  

C:  rCBF image corrected for PVE, color scaled to maximum (red) of 150 mL/min/100 g.    

 

Figure 4.  Relation in one subject between PVE-corrected incorporation 

coefficients for docosahexaenoic acid (K*) and regional cerebral blood flow (CBF) after 

partial volume correction for both, in 19 gray matter and 1 white matter ROI.  The 
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Pearson correlation coefficient of the data is 0.83 (p < 0.0001).  The white matter region 

has the lowest value for K* and CBF; the next lowest pair of values is in the medial 

temporal lobe ROI, which includes the hippocampus and the amygdala. 

  

 

Appendix Figure 1.  Maximum intensity projection of transverse slices of the 

entire monkey body, of [1-11C]DHA images summed from 0-6 minutes.  The viewer is 

looking at the front of the animal, with the animal’s right to the viewer’s left.  There was 

very rapid, prominent appearance of activity in the liver.  Scanning started at the 

beginning of tracer injection into the left femoral vein; it and the inferior vena cava are 

visualized.  Extrapolating monkey data to humans, only about 0.5% of the injected [1-

11C]DHA goes into the brain. 
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TABLE 1.  Partial volume corrected values for regional DHA incorporation coefficients K*, 
brain blood volume Vb, and regional cerebral blood flow rCBF, in 20 regions of interest.   

Regions 
            K*             
(µL . min-1 . mL-1) 

Vb 
(mL/mL) 

    CBF           
(mL min-1 100 g-1) 

Orbitofrontal 4.41 ±  0.99 0.082 ± 0.025 68.86 ± 18.00 

Prefrontal 3.71 ± 0.53 0.072 ± 0.014 65.17 ± 14.70 

Premotor 4.20 ± 0.62 0.072 ± 0.011 77.29 ± 22.49 

Anterior cingulated 3.03 ± 0.36 0.070 ± 0.017 70.78 ± 13.74 

Inferior temporal 3.97 ± 0.53 0.080 ± 0.018 71.56 ± 9.14 

Middle temporal 3.90 ± 0.47 0.073 ± 0.011 65.21 ± 10.43 

Superior temporal 3.75 ± 0.87 0.101 ± 0.023 55.70 ± 12.50 

Medial temporal 2.32 ±  0.33 0.070 ± 0.012 46.16 ± 4.99 

Sensorimotor 4.20 ± 0.62 0.076 ± 0.010 70.48 ± 15.98 

Inferior parietal 4.11 ± 0.66 0.072 ± 0.013 57.81 ± 19.53 

Superior parietal 4.88 ± 1.34 0.142 ± 0.043 56.23 ± 25.53 

Medial parietal 3.98 ± 0.57 0.074 ± 0.023 73.17 ± 11.34 

Posterior cingulated 3.65 ± 0.56 0.082 ± 0.025 75.03 ± 11.48 

Occipital association 4.32 ± 0.61 0.073 ± 0.011 65.34 ± 16.86 

Calcarine 4.51 ± 0.63 0.076 ± 0.019 84.34 ± 17.41 

Thalamus 3.69 ± 1.26 0.076 ± 0.017 75.44 ± 32.52 

Striatum 3.17 ± 1.26 0.052 ± 0.013 67.93 ± 29.32 

Cerebellar hemispheres 3.47 ± 0.50 0.083 ± 0.031 60.98 ± 9.80 

Cerebellar vermis 3.31 ± 0.47 0.046 ± 0.013 52.59 ± 9.84 

White matter 1.45 ± 0.41 0.028 ± 0.005 22.61 ± 5.00 

Mean gray matter (ROI) 3.82 ± 0.45 0.078 ± 0.010 66.32 ± 12.42 

Global gray matter (whole brain) 4.04 ± 0.53 0.096 ± 0.014 66.29 ± 11.28 

Gray to white matter ratio 2.63 ± 0.63 2.81 ± 0.40 2.93 ± 0.94 
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Table 2.  Plasma unesterified fatty acid concentrations, averaged from 
samples at 0, 30, and 60 minutes after injection of [1-11C]-DHA, (n=14). 

Fatty acids  Mean (nmol/mL) ± S.D. 

palmitic, 16:0 112.4 ± 25.0 

palmitoleic, 16:1n-7 11.9 ± 4.53 

stearic, 18:0 67.8 ± 12.9 

oleic, 18:1n-9 219.4 ± 51.3 

linoleic, 18:2n-6 97.0 ± 24.75 

α-linolenic, 18:3n-3 6.6 ± 3.1 

arachidonic, 20:4n-6 4.3 ± 1.0 

eicosapentaenoic, 20:5n-3 0.3 ± 0.14 

docosapentaenoic, 22:5n-3 0.1 ± 0.03 

docosahexaenoic, 22:6n-3 2.63 ± 1.17 
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Appendix Table 1.  Dosimetry tabulation for [1-11C]DHA. 

Organ Dose  
(rad per mCi)   

Adrenals 1.61E-02   

Brain 2.87E-03   

Breasts 6.22E-03   

Esophagus 7.50E-03   

Gallbladder Wall 2.50E-02   

Lower Large Intestine 5.27E-03   

Small Intestine 7.77E-03   

Stomach 9.10E-03   

Upper Large Intestine 9.29E-03   

Colon 7.56E-03   

Heart Wall 5.04E-02   

Kidney 3.69E-02   

Liver 1.56E-01   

Lungs 2.30E-02   

Muscle 7.33E-03   

Ovaries 6.03E-03   

Pancreas 1.47E-02   

Red Marrow 7.09E-03   

Bone Surfaces 6.29E-03   

Skin 4.56E-03   

Spleen 2.37E-02   

Testes 5.81E-03   

Thymus 7.50E-03   

Thyroid 4.74E-03   

Urinary Bladder Wall 6.72E-03   

Uterus 5.93E-03   

EFFECTIVE DOSE 1.7E-02   
 
 
NOTES: Thymus dose is used for Esophagus (as per ICRP 80);  Colon dose = 0.57 ULI + 0.43 LLI (as 
per ICRP 80) 
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FIGURE 1.  
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Figure 2 
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Figure 3 
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Figure 4 
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Appendix Figure 1 
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