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 Purpose: To examine the feasibility of using magnetic resonance (MR) 
spectroscopy   with hyperpolarized carbon 13 ( 13 C)–labeled 
pyruvate to detect infl ammation.

 Materials and 
Methods: 

The animal care and use committee approved all work 
with animals. Arthritis was induced in the right hind paw 
of six rats; the left hind paw served as an internal control. 
The lactate dehydrogenase–catalyzed conversion of pyru-
vate to lactate was measured in infl amed and control paws 
by using  13 C MR spectroscopy. Clinical and histologic data 
were obtained to confi rm the presence and severity of 
arthritis. Hyperpolarized  13 C-pyruvate was intravenously 
injected into the rats before simultaneous imaging of both 
paws with  13 C MR spectroscopy. The Wilcoxon signed rank 
test was used to test for differences in metabolites between 
the control and arthritic paws.

 Results: All animals showed fi ndings of infl ammation in the affected 
paws and no signs of arthritis in the control paws at both 
visible inspection (clinical index of 3 for arthritic paws and 
0 for control paws) and histologic examination (histologic 
score of 3–5 for arthritic paws and 0 for control paws). 
Analysis of the spectroscopic profi les of  13 C-pyruvate and 
converted  13 C-lactate showed an increase in the amount 
of  13 C-lactate in infl amed paws (median lactate-to-pyruvate 
ratio, 0.50; mean lactate-to-pyruvate ratio  6  standard de-
viation, 0.52  6  0.16) versus control paws (median lactate-
to-pyruvate ratio, 0.27; mean lactate-to-pyruvate ratio, 
0.32  6  0.11) ( P   ,  .03). The ratio of  13 C-lactate to total 
 13 C was also signifi cantly increased in infl amed paws com-
pared with control paws ( P   ,  .03).

 Conclusion: These results suggest that alterations in the conversion 
of pyruvate to lactate as detected with  13 C-MR spectros-
copy may be indicative of the presence of infl ammatory 
arthritis.
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 13 C MR spectroscopy and hyperpolar-
ized  13 C-pyruvate. 

 Animal Preparation 
 The administrative panel on laboratory 
animal care at our institution approved 
all animal procedures for this work. In-
fl ammation was induced in plantar tis-
sues of the right hind paw of six juvenile 
Sprague-Dawley rats (weight, 80–90 g; 
age, 4–5 weeks) by means of a single sub-
cutaneous injection of 0.4 mL/kg Freund 
complete adjuvant (Lee Laboratories, 
Grayson, Ga) ( 17 ). A control solution of 
50  m L of sterile 0.9% sodium chloride 
was injected in the subcutaneous plan-
tar tissues of the left hind paw. Clinical 
signs of arthritis were recorded each day 
after arthritis induction for each hind 
paw with a visual assessment of arthri-
tis (clinical index) and a measurement 
of paw thickness (both performed by 
J.D.M.). A clinical index was obtained 
for each paw, as follows: 0 = no evidence 
of infl ammation, 1 = subtle infl ammation 
(localized edema), 2 = easily identifi ed 
swelling but localized to either the dorsal 
or ventral surface of the paw, and 3 = 
swelling in all aspects of the paw ( 18 ). 
Paw swelling was measured as an in-
crease in thickness of the middle part of 

increased energy demands. Pyruvate lev-
els are elevated in joints affected by 
osteoarthritis ( 9 ), and the amount of 
lactic acid, a metabolic product of pyru-
vate, is elevated in the synovial fl uid 
of patients with rheumatoid arthritis 
( 10 ). Inhibitors of pyruvate metabolism 
downregulate infl ammation ( 11 ). Proton 
(hydrogen 1 [ 1 H]) nuclear MR studies 
have also demonstrated elevated lactate 
levels in the synovial fl uid and synovium 
of patients with rheumatoid arthritis 
and in rodent models of infl ammatory 
arthritis ( 12–15 ). 

 The goal of this preliminary study 
was to test whether MR spectroscopic 
imaging with hyperpolarized  13 C-labeled 
pyruvate can provide an objective and 
quantitative measure of arthritis, which 
may eventually be helpful in clinical de-
cision making and treatment planning. 
Alterations in pyruvate metabolism may 
be interrogated by injecting a bolus of 
hyperpolarized  13 C-pyruvate—a nontoxic, 
easily polarized, and rapidly metabo-
lized substrate ( 16 ). Currently, no previ-
ous studies have examined the feasibility 
of using hyperpolarized  13 C-labeled pyru-
vate to detect infl ammation. We hypoth-
esize that it may be possible to detect 
the presence of infl ammation by depict-
ing alterations in the conversion of hyper-
polarized  13 C-pyruvate to lactate at  13 C 
MR spectroscopy. 

 Materials and Methods 

 Research support in the form of equip-
ment maintenance was provided by GE 
Healthcare. Those authors that were 
not employees of GE Healthcare had 
control of inclusion of any data and in-
formation that might present a confl ict 
of interest for those authors who are 
employees of GE Healthcare. J.D.M., 
Y.F.Y., D.M., and D.M.S. have submitted 
a patent application that describes this 
method for detecting infl ammation with 

             Quantitative, objective, and non-
invasive biomarkers are needed 
for detecting autoimmune disor-

ders (including infl ammatory arthritis) 
and monitoring their treatment ( 1 ). 
Current clinical measures for detection 
and monitoring are either invasive or 
fail to provide a direct indication of dis-
ease activity; in addition, they are of-
ten subjective and diffi cult to standard-
ize ( 2–4 ). Serum biomarkers ( 5 ) and 
several molecular imaging techniques 
have been described for arthritis imag-
ing, but techniques specifi cally tailored 
to arthritis are not widely used or are 
still in developmental stages ( 6,7 ). The 
technique of magnetic resonance (MR) 
spectroscopic imaging with hyperpolar-
ized carbon 13 ( 13 C)–labeled biomole-
cules offers much promise in surmount-
ing these obstacles. 

 The development of hyperpolarized 
MR imaging agents presents a new nonin-
vasive imaging strategy for probing nor-
mal biologic and disease processes ( 8 ). 
Polarization of metabolically active sub-
strates such as pyruvate permits in vivo 
metabolic imaging of the injected agent 
and downstream metabolic products. The 
metabolic products can be differentiated 
from the substrate on the basis of their 
chemical shifts. 

 Pyruvate may be an ideal noninvasive 
imaging biomarker of infl ammatory ar-
thritis. Pyruvate occupies a key inter-
section in several metabolic pathways as 
an intermediary in energy metabolism 
in living cells, and infl amed tissues have 

 Implication for Patient Care 

 This imaging strategy holds  n

promise as a noninvasive mea-
sure of disease activity for auto-
immune diseases such as rheu-
matoid arthritis. 

 Advances in Knowledge 

 The data presented herein sug- n

gest that alterations in the con-
version of hyperpolarized 
 13 C-pyruvate to  13 C-lactate as 
detected with  13 C MR spectros-
copy may be indicative of the 
presence of infl ammatory 
arthritis. 

 This imaging strategy can be  n

used to quantify the amount of 
lactate produced from pyruvate 
in normal and diseased joints, 
and the conversion to lactate 
appears increased in infl amed 
tissues. 
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10-mm-thick sections, nominal in-plane 
resolution of 2.5  3  2.5 mm, 40  3  40-mm 
fi eld of view, 5-kHz spectral bandwidth, 
and 256 points. 

 Tissue Processing and Analysis 
 Control and infl amed paws were dis-
sected, fi xed, decalcifi ed with Kristensen 
solution  , embedded in paraffi n, and sliced 
with a microtome for staining with he-
matoxylin-eosin for subsequent histo-
logic analysis. Histologic changes (infl am-
matory cell infi ltration) were graded as 
previously described ( 22 ), with minor 
modifi cations, by J.D.M. (4 years of ex-
perience) ( 23,24 ). Briefl y, infl ammation 
was scored on a scale of 0–5, where 
0 = normal, 1 = minimal infi ltration of 
infl ammatory cells, 2 = mild infi ltration, 
3 = moderate infi ltration, 4 = marked in-
fi ltration, and 5 = severe infi ltration. 

 MR Data Reconstruction and Analysis 
 Metabolic maps for  13 C-pyruvate and 
 13 C-lactate were reconstructed from the 
free induction decay chemical shift im-
aging data as previously described ( 25 ). 
Briefl y, spectra were phased and cor-
rected for B 0  inhomogeneities. Then, 
 13 C-pyruvate and  13 C-lacate levels were 
calculated by using peak integration. 
Tissue-specifi c signal intensities of each 
metabolite were calculated as the total 
signal in the respective metabolic maps 
in regions of interest (ROIs) in   the tail 
and left and right hind paws as de-
fi ned on the corresponding proton ref-
erence image. The ROIs were drawn in 
the dorsal portion of each paw at the 
site of the Freund complete adjuvant or 
normal saline injection; these ROIs in-
cluded approximately half of the area of 
the paw as demonstrated on the trans-
verse metabolic maps and T2-weighted 
MR images  . To minimize the possibility 
of noise producing erroneous lactate-to-
pyruvate ratios, the ratios were set to 0 
in pixels in the ROI where either the 
lactate or pyruvate intensities were less 
than 10% of the corresponding maximum 
intensities ( 26 ). For display of individual 
spectra, fi rst-order phase correction was 
performed and the baseline was sub-
tracted by fi tting a spline to signal-free 
regions of the smoothed spectrum. All 
data processing was performed with 

the frozen sample was rapidly dissolved 
by using a 4.0-mL solution of 185°C 
100 mmol/L NaOH, 40 mmol/L Trizma 
preset pH 7.6 crystals (Sigma Aldrich, 
St Louis, Mo), and 100 mg/L disodium 
edetic acid   (EDTA) buffer. The fi nal con-
centration of the injected pyruvate so-
lution was 80 mmol/L (pH, 7.4–7.6); 0.5 
mL of this solution was injected intrave-
nously into each rat over 8 seconds. 

 MR Imaging Protocol 
 Both hind paws were placed in the cen-
ter of the  1 H- 13 C coil with the rat in the 
prone position. The hind paws were 
positioned symmetrically with respect 
to the amplitude of static fi eld (B 0 ) by 
aligning the plantar surfaces along the 
z-axis with the toes of each paw pointed 
inferiorly to the animal and positioned 
symmetrically with respect to the x-y 
plane. This positioning placed only the 
tail and both hind paws in the trans-
verse fi eld of view and enabled simulta-
neous imaging of both the arthritic and 
control paws. A 1-mL syringe phantom 
fi lled with 1.7 mol/L nonhyperpolarized 
 13 C-lactate was placed adjacent to the 
left hind paw within the fi eld of view and 
used as a quantitative reference. 

 For proton imaging, transmit gain 
was determined by using a standard 
automatic preimaging protocol. Proton 
localization imaging was performed in 
three planes followed by T2-weighted fast 
spin-echo thin-section imaging through 
the hind paws in the transverse plane. 
T2-weighted fast spin-echo imaging was 
performed with a 40  3  40-mm fi eld of 
view, a 256  3  256 matrix, and 1-mm-
thick sections. 

 For  13 C imaging, the transmit gain 
was adjusted manually by using the signal 
from a nonpolarized  13 C-lactate reference 
phantom. The  13 C imaging prescription 
in the transverse plane was based on 
T2-weighted fast spin-echo images and 
centered on the mid-paws  approximately 
5–6 mm distal to the malleoli. Single-
time-point MR spectroscopic images were 
obtained 20 seconds after the start of 
injection with a free induction decay 
chemical shift imaging sequence by us-
ing centric phase encoding and a pro-
gressively increasing excitation fl ip an-
gle ( 21 ) with the following parameters: 

the paw (lateral dimension of the middle 
part of paw just distal to the malleoli) by 
using a Kafer dial thickness gauge (Long 
Island Indicator, Hauppauge, NY) ( 18 ). 
All animals were imaged 7 days after the 
induction of arthritis, when the arthritis 
was at the acute phase of activity for this 
animal model. 

 Animals were anesthetized with iso-
fl urane (1%–2%) mixed with 100% oxy-
gen at 0.5–1.0 L/min by means of a nose 
cone before placement of an intravenous 
catheter into the tail vein and during MR 
imaging. Rats were placed on a heat-
ing pad inside the radiofrequency coil 
to maintain a core body temperature 
of 37°C. Heart rate, oxygen saturation, 
body temperature, and respiration rate 
were monitored throughout the imaging 
experiment. The hind paws were pre-
pared for tissue processing after com-
pletion of the imaging experiments. 

 MR Hardware and Radiofrequency Coils 
 The animal experiments were performed 
with a 3.0-T clinical MR unit (Signa 
Excite; GE Healthcare, Waukesha, Wis) 
optimized for rodent and  13 C imaging. 
Rat hind paws were positioned in a custom-
built dual-tuned  1 H- 13 C quadrature bird-
cage radiofrequency coil (50 mm inner 
diameter, 70 mm long) designed for both 
signal excitation and reception. The coil 
was based on a previously published design 
( 19 ), but with a second half-Helmholtz 
unit added to provide quadrature opera-
tion in the proton mode. 

 Polarization Technique 
 Samples of [1- 13 C]pyruvate   were hyper-
polarized with dynamic nuclear polar-
ization   ( 16,20 ) by using a HyperSense 
polarizer (Oxford Instruments, Abingdon, 
England). The polarized mixture con-
sisted of 18 mg of [1- 13 C]pyruvate (99% 
enriched, Isotex Diagnostics, Friend-
swood Tex) mixed with OX063 radical 
(Oxford Instruments) and 3.0  m L of a 
50:1 dilution of ProHance (Bracco Diag-
nostics, Princeton, NJ). The microwave 
irradiation frequency was 94.08 GHz, in 
accordance with the electron resonance 
frequency for the 3.35-T polarizer mag-
net. The sample temperature was kept 
at 1.4 K by using a vacuum-pumped liq-
uid helium system. After polarization, 
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arthritic paw was signifi cantly higher 
than that in the control paw and tail 
( Table  ,  Fig 4  ) when measured with either 
the labeled  13 C lactate–to-pyruvate ra-
tio ( P   ,  .03) or the labeled  13 C lactate–
to-total  13 C ratio ( P   ,  .03). 

 Spectra from individual voxels inter-
rogated on the metabolic maps showed 
that the amount of  13 C-lactate at the site 
of arthritis induction in the plantar soft 
tissues was higher than that in tissues 
remote from the site of arthritis induc-
tion (dorsal side of the infl amed paw), 
tail, and control paw ( Fig 5  ). These 

 Single-Time-Point Free Induction Decay 
Chemical Shift Imaging 
 On metabolic maps, the  13 C-lactate sig-
nal in the infl amed paw was higher than 
that in the control paw and tail ( Fig 3  ). 
This visible increase in lactate signal in 
the infl amed paws also corresponded to 
a visible decrease in the pyruvate sig-
nal and an increase in the labeled  13 C 
lactate–to-pyruvate ratio as depicted on 
the metabolic maps. 

 ROI measurements in the paws and 
tail in the six arthritic animals showed 
that the amount of lactate signal in the 

custom software by using Matlab (Math-
Works, Natick, Mass). Statistical analy-
sis was performed with Prism 5 (Graph-
Pad Software, La Jolla, Calif). 

 Statistical Methods 
 The Student  t  test was used to test for 
differences in mean paw thickness. The 
Wilcoxon matched-pairs signed rank 
test was used to test for differences be-
tween the control and arthritic paws for 
both the labeled  13 C lactate–to-pyruvate 
and labeled  13 C lactate–to-total  13 C ratios. 

 Results 

 Clinical and Histologic Measures of 
Infl ammatory Arthritis 
 Clinical signs of infl ammation in the right 
hind paws were visible on the day of im-
aging, which was 7 days after induction 
of infl ammation. The right hind paws 
were visibly infl amed, and the infl amed 
paws of all six animals were graded as 
having a clinical index of 3; the clinical 
index for the left control hind paw was 0. 
The infl amed paws showed a signifi cant 
increase in thickness, with a mean thick-
ness ( 6 standard deviation) of 9.3 mm  6  
0.4 for right paws versus 8.1 mm  6  
0.2 for left paws ( P   ,  .001).  Figure 1   
shows the typical time-course of arthritis 
in this rat model in a separate group of 
fi ve arthritic rats   that were followed up 
for changes in joint thickness and clini-
cal index; the progression of arthritis 
may be grouped into the acute phase 
( � 1–9 days after arthritis induction), 
subacute phase ( � 10–20 days after ar-
thritis induction), and chronic phase 
( � 21 days after arthritis induction). 
Histologic slices from the paws of the 
six rats imaged with  13 C MR spectros-
copy showed infl ammatory changes in 
the plantar aspect of the paw at the site 
of Freund complete adjuvant injection, 
including the presence of infl ammatory 
cells and bone alterations ( Fig 2  ). At 
histologic analysis, four of the six rats 
had an infl ammatory infi ltration score 
of 4, one rat had an infl ammatory in-
fi ltration score of 3, and one rat had an 
infl ammatory infi ltration score of 5; none 
of the rats had infl ammation in the con-
trol left hind paw at histologic analysis. 

 Figure 2 

  
  Figure 2:  Photomicrographs (hematoxylin-eosin stain  ; original magnifi cation,  3 20) show histologic changes of 
infl ammation in one rat 7 days after induction of arthritis.  cb  = cortical bone.  A , Photomicrograph of specimen from 
control paw shows normal tissue architecture in cortical bone and muscle ( m ).  B , Photomicrograph of specimen 
from arthritic paw shows accumulation of infl ammatory cells ( ic ) in muscle and periostitis with bone erosion (arrow).   

 Figure 1 

  
  Figure 1:  Graph shows clinical measures of paw infl ammation. Data points 
show changes in paw thickness (thickness of arthritic right paw subtracted by 
thickness of control left paw) and clinical index scores in the Freund complete 
adjuvant rat model of arthritis. Brackets are standard deviations. For clinical 
index, 0 = no evidence of infl ammation, 1 = subtle infl ammation, 2 = easily 
identifi ed swelling but localized to either the dorsal or ventral surface of paw, 
and 3 = swelling in all aspects of paw.   
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by a dramatic four orders of magnitude 
( 16 ). This signal can be detected with 
a clinical MR imaging unit and may en-
able real-time visualization of in vivo 
metabolic processes and quantitative mea-
surements of metabolism by means of 
select enzyme-catalyzed pathways ( 25,27 ). 

 The data presented herein may also 
provide initial insights into arthritis me-
tabolism in vivo and are consistent with 
previous biochemical and nuclear MR 
studies of synovial fl uid and synovium 
performed on ex vivo samples from ar-
thritic animals and humans with infl am-
matory arthritis ( 12–15 ). A key feature 
of the rheumatoid joint is a hypoxic envi-
ronment ( 28 ), and elevated lactate con-
centrations detectable in rheumatoid ar-
thritis are a characteristic feature of the 
hypoxic and acidotic conditions present 
in affected joints ( 14 ). 

 Our data further implicate lactate 
as a marker of infl ammation and sug-
gest that increased production of lactate 
is an ongoing process. Although altera-
tions in blood fl ow to infl amed and con-
trol tissues may have an effect on the 
amount of hyperpolarized pyruvate avail-
able for conversion to lactate, the use of 
the lactate-to-pyruvate ratio should help 
correct for these potential variations in 
substrate concentration and serve as a 
more precise measure of lactate produc-
tion when comparisons are made across 
infl amed and control tissues. We also de-
tected a small amount of  13 C-alanine in 

chemical shift images. This increased 
 13 C-lactate signal appears to identify   
infl ammation in this rodent model and 
suggests that MR spectroscopy with hy-
perpolarized  13 C-pyruvate may be a rapid 
and noninvasive method with which to 
quantify arthritis activity. 

 Pyruvate has been selected for study 
as a potential biomarker of infl ammatory 
arthritis because it is a biomolecule 
with a low toxicity profi le and has fa-
vorable properties for  13 C MR spectros-
copy.  13 C MR spectroscopy relies on the 
procedure of dynamic nuclear polariza-
tion to increase the signal-to-noise ratio 

spectra also showed  13 C-alanine signal in 
the control paw but not in the infl amed 
paw ( Fig 5 ). 

 Discussion 

 Our results suggest that MR spectros-
copy with hyperpolarized  13 C-pyruvate 
depicts alterations in the amount of 
 13 C-lactate signal in infl amed tissue. 
We found a 65% increase in the mean 
lactate-to-pyruvate ratio in the presence 
of infl ammation. The infl amed tissue 
could be detected as an increase in the 
labeled lactate–to-pyruvate ratio on  13 C 

 Figure 3 

  
  Figure 3:  Quantitative metabolic maps of lactate-to-pyruvate ratio ( Lac/Pyr , top left), pyruvate (top right), 
and lactate (bottom left) after injection of hyperpolarized  13 C-pyruvate. Lactate production in the arthritic right 
( R  ) paw is increased, as measured with the lactate-to-pyruvate ratio. Color bar indicates the values for the 
lactate-to-pyruvate ratio, with red indicative of a maximum ratio of 1.03. In the map for pyruvate, red indi-
cates the maximum signal intensity of 1485 arbitrary units (au) for  13 C-pyruvate. In the map for lactate, red 
indicates a maximum signal intensity of 674 au for  13 C-lactate.  1 H MR images (lower right) show soft tissue 
swelling in arthritic right paw compared with control left ( L ) paw and ROI analysis applied for the metabolic 
maps.  T  = tail  .   

  

 ROI Measurements in Control and Infl amed Tissues 

Parameter * Tail Control Paw Arthritic Paw

Lac/Pyr
 Mean  6  standard deviation 0.28  6  0.06 0.32  6  0.11 0.52  6  0.16
 Median 0.26 0.27 0.50
Lac/TC
 Mean  6  standard deviation 0.21  6  0.03 0.24  6  0.06 0.33  6  0.07
 Median 0.21 0.22 0.33

* Lac/Pyr =  13 C-labeled lactate–to-pyruvate ratio, Lac/TC =  13 C-labeled lactate–to–total  13 C ratio.

 Figure 4 

  
  Figure 4:  Graph shows lactate-to-pyruvate ratios 
measured in six arthritic rats. A 65% increase in the 
mean lactate-to-pyruvate ratio (standard deviation, 
33%; range, 38%–126%) was observed in the 
arthritic paw compared with the control paw on the 
opposite side. Measurements were obtained 20 sec-
onds after injection of 0.5-mL bolus of 80 mmol/L 
hyperpolarized  13 C-pyruvate.   
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a quantitative measure of disease activ-
ity in infl ammatory disorders and au-
toimmune diseases such as rheumatoid 
arthritis. 

  Disclosures of Potential Confl icts of Interest: 
J.D.M.  Financial activities related to the pres-
ent article: institution received research support 
in the form of equipment maintenance from 
GE Healthcare. Financial activities not related to 
the present article: institution received money 

in infl amed tissues. This imaging strat-
egy holds promise as an objective and 
noninvasive measure of disease activity 
in autoimmune diseases such as rheu-
matoid arthritis. 

  Practical application:  This technique 
is promising for future clinical detec-
tion of infl ammation. If further testing 
supports the preliminary results of this 
report, the technique may be used as 

the control paw, but  13 C-alanine was 
detected above background in the in-
fl amed paw. This supports the hypoth-
esis that, in sites of infl ammation, pyru-
vate is shunted away from alanine and 
toward lactate production. 

 The results of this study demon-
strate that, in the animal model, infl am-
mation is accompanied by a signifi cant 
alteration in the lactate-to-pyruvate ratio. 
However, this fi nding is only the begin-
ning of the process of establishing the 
potential use of this method for detect-
ing infl ammation in humans. The over-
lap of the ratios between arthritic and 
control paws in other animals indicates 
that more testing and refi nement of the 
method will be necessary. 

 Further evaluation of this technique 
for application in arthritis is warranted 
for several reasons. A combination of 
factors likely infl uence the observed 
 13 C-lactate signal; these factors include 
in vivo rate constants for lactate dehy-
drogenase, exchange rates versus enzy-
matic fl ux, infl ow of metabolites, and 
the endogenous biodistribution and con-
centrations of lactate, pyruvate, and the 
oxidized and reduced forms of nicotin-
amide adenine dinucleotide   ( 20,29,30 ). 
Other animal models that mimic rheu-
matoid arthritis may also need to be 
examined with this technique to confi rm 
these preliminary results. 

 Although we induced infl ammation, 
which was intended to be localized to 
the right hind paw, systemic effects are 
well described in this model system 
( 17 ) and in rheumatoid arthritis ( 31 ). 
Thus, although we used the left paw as 
an internal control, there may be some 
degree of systemic infl ammation. It will 
be important to establish baseline levels 
of lactate production in normal paw tis-
sues so they can be compared with the 
presumably unaffected tissues in arthri-
tis models. 

 In conclusion, the data presented 
herein suggest that the presence of in-
fl ammation may be detected at  13 C MR 
spectroscopy as the increased conver-
sion of hyperpolarized  13 C-pyruvate into 
 13 C-lactate. Our initial data show that 
the amount of lactate produced from 
pyruvate can be quantifi ed and that 
the conversion to lactate is increased 

 Figure 5 

  
  Figure 5:  Spectroscopic profi les from single 2.5  3  2.5  3  10-mm voxels in control and arthritic tissues 
in one rat. Increased  13 C-lactate production is demonstrated in the plantar surface of the arthritic right paw 
(lactate-to-pyruvate ratio = 0.70) in comparison to the control left paw (lactate-to-pyruvate ratio = 0.57), 
tail (lactate-to-pyruvate ratio = 0.37), and tissues away from the site of arthritis induction in the dorsal 
right paw (lactate-to-pyruvate ratio = 0.57). Arrow = alanine production in control left paw; 
no alanine is observed in arthritic paw.  a.u.  = Arbitrary units,  sig. int.  = signal intensity.   
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