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EPR irradiation by a train of inverting pulses has potential
advantages over continuous-wave EPR irradiation in DNP appli-
cations; however, it has previously been used only at high field (5
T). This paper presents the design and testing of an apparatus for
performing pulsed DNP experiments at 10 mT with large samples
(17 ml). Experimental results using pulsed DNP with an aqueous
solution of a narrow-linewidth paramagnetic probe are presented.
A maximum DNP enhancement of about —36 with a train of
inverting pulses (width 500 ns, repetition time 4 ps) was mea-
sured. A preliminary comparison showed that, when the same
enhancement value is considered, the pulsed DNP technique re-
quires an average power that is about three times higher than that
required with the CW irradiation. However, for in vivo DNP
applications it is very important to minimize the average power
deposited in the sample. From the experimental results reported in
this work, when considering the maximum enhancement, the
pulsed technique requires only 2% of the average power necessary
with the CW DNP technique. We believe that this reduction in the
average power can be important for future DNP studies with large
biological samples. © 1999 Academic Press
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agents.

been studied as potential contrast agents for M&l Klore
recently, nitroxides have been used as tracers for low fr
quency electron paramagnetic resonance (EPR) imagipg
and in DNP cross-polarization experiments with biomolecule
in frozen solutions ).

Double-resonance experiments involving two-spin syster
can be performed with either continuous wave (CW) or pulse
excitation of the transitions of one spin while observing th
other spin. After the theoretical prediction of Overhauser i
1953 Q), the first double-resonance experiment using the C'
techniqgue was performed by Carver and Slichted).( The
double-resonance pulsed technique was originally demc
strated by Solomonl{) for two nuclear species, this method
being known as the transient nuclear Overhauser effect.
Solomon’s experiment the relaxation times of the two nucle
species {H and *°F) were of the same order-(L s). For each
acquisition cycle only one inverting pulser pulse) was ap-
plied at the resonant frequency of the proton spins; the lon
tudinal magnetization of the fluorine was detected and show
a transient decay in a time comparable to the longitudin
relaxation times.

The majority of DNP experiments have been performed wit

Dynamic nuclear polarization (DNP) is a double-resonanggyy jrradiation of the EPR transitions. Recently, pulsed DN

technique that permits the enhancement of the polarizationfs peen proposed by Un and co-worket®) (for spectro-

nuclei in samples containing paramagnetic specl@sNP  scqpic studies at very high field (5 T). Their main goal was th
has many applications in physics, chemistry and biology. Fggtection of*C spectra (from a powder sample of an organi
example DNP associated with Magnetic Resonance Imagifghquctor) with increased signal-to-noise ratio and decreas
(MRI) techniques permits the detection of stable nitroxide freﬁ/erage microwave power deposited in the samp®. (The

radicals in large animals (this technique is known as protgyyseq DNP technique was demonstrated indirectly by dividir
electron double resonance imaging (PEDR}) 4. Nitroxides ¢ ayneriment into two phases: (i) excitation of the electrc

_have been _vvidely used as prc_)bes of biqphysical and biOChe§Bins with a train of microwave (140 GHz) pulses, enhancir
ical properties such a$)electrical potential, pH, temperaturé e o160 polarization in a time comparable with the nucle:
%Xyge” conk;:entratlon,dmolecular mqb_lhtyl\(l)_f prc_);cjemshand III{ﬂ"elaxation times; (ii) transfer of the proton polarization to th
ids In membranes, and enzyme activity. Nitroxides have alsg, spins via a conventional cross-polarization method. Un al

co-workers stated that, for a given average EPR power a
with an inhomogeneously broadened EPR spectrum, a mo

1 On leave from IPSIA and Istituto Nazionale Fisica Materia, Dipartimentgalculation predicts higher pulsed DNP enhancement with r
di Scienze e Tecnologie Biomediche, Universita’ dell’Aquila, Via Vetoiospect to CW DNP 12).

67100, L'Aquila, Italy. Address correspondence to Dr. M. Alecci, FMRIB In this Communication we describe the desian and testin
Centre, Department of Clinical Neurology, University of Oxford, John Rad- g 9

cliffe Hospital, Headington, Oxford, OX3 9DU, England; E-mail: alecci@® Pulsed DNP £DNP) apparatus operating at very low field
fmrib.ox.ac.uk. (10 mT) suitable for detection of free radicals in large aqueol
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T electron with the*C nuclei of the contrast agent. A detailed
description of the EPR and DNP spectral properties of TA

compounds similar to that used in the present work has be
T T b

recently reported1(9, 20. Kuppusamy and co-workers showec
l that from CW EPR studies at 1.2 GHz the linewidth of a

—
o

T
1

RIF EPR

/]
«— " analogue of TAM is~6 uT in absence of oxyger2(). From
tr CW DNP measurements at about 10 mT, Konijnenburg ai
90 co-workers found that another analogue of TAM in wate
NMR [ ]FID detection solution hasT,; X T, = 2.9 X 10 " &’ (22). The properties

of the TAM compounds are appropriate to test thBNP
technique. A small amount was obtained as a gift from Ny
comed Innovation AB (MalimoSweden) and was used for
preliminarymDNP studies at 10 mTA 1 mM water solution of
samples. Direct experimental evidence of #i@NP technique TAM contained in a 17 ml sample tube (diameter 23 mm) we
is shown with a water-soluble single line triarylmethyl paraised. The solution was deoxygenated with a flux of nitroge
magnetic label. The main goal of thieEDNP technique at low for abou 2 h to reduce line broadening due to paramagneti
field is to increase the signal-to-noise ratio and/or to decreaséaxation.
the average RF power deposited in the sample. Figure 2 shows a block diagram of the RF hardware d
The sequence farDNP is shown in Fig. 1, where an “ideal” signed and tested in this work fetfDNP at 10 mT. A pulse
train of EPR pulses is considered. This means that (i) thgenerator (Lyon Instruments, model PG71) was used to ge
duration of the train ofw pulses,Tgpr IS longer than the erate a TTL gating signal with variable width of 100 to 500 n
longitudinal proton relaxation tim&, (infinite train); (i) the and period of 1 to 2Qus. The TTL signal was applied to the
width of eachm pulse,t,, is very small in comparison to the external gate input of an RF source (Gigatronics, model 61
electron longitudinal and transversal relaxation tirigsand that provided the EPR frequency of about 280 MHz with
T, (instantaneous inversion); (iii) the pulse rise time and fathaximum nominal output of-17 dBm. The external gating of
time are very short with respecttg and (iv) the bandwidth of the RF source could be disabled, allowing CW DNP measur
the 7 pulse is large enough to cover the full EPR spectrum afents. A low-power directional coupler (Mini Circuit, ZAD-
the paramagnetic probe. Moreover, we assume that the ERR1) was inserted between the RF source and the pov
resonator dead timel,, is smaller than the pulse repetitionamplifier (Kalmus, 400 FC), and its coupling output CPL10
time, t,. These conditions influence the design of the hardwad®) was connected to a high-frequency oscilloscope (Philip
and the operating conditions of theDNP instrument as dis- PM 3295A) for monitoring of the low-power transmitted (TX)
cussed in the following. pulses. The power amplifier is a class-A linear amplifier th:
The T,. and T, of the paramagnetic sample are importartovers a frequency range of 1.5 to 400 MHz. When operated
for the definition and optimization of theDNP experimental CW mode the maximum nominal power is 60 W (gain 48 dB]
requirements. As explained in the following, to reduce th& homebuilt, high-power directional couple23) was used for
hardware constraints paramagnetic samples Wjth~ T,, =
1 ps are required. Alternatively, becausg, is inversely pro-

FIG. 1. Diagram of the sequence used for pulsed DNP.

portional to the linewidth of the paramagnetic sample, very high,”frequency

narrow lines are required-5 w.T). Nitroxide free radicals have OsIOSCope monitor

been used extensively in previoirs vivo EPR/DNP studies RFX

(2-8, 13, 14. Unfortunately, they have large linewidths {50 .

wT) and the measured relaxation times are too she850 ns) X pulse monitor

(15, 1. Perdeuterated nitroxides present much narrower EPRY <& 508 monifor 7| CPL x T high power

lines (~20 wT) and the linewidth is highly sensitivity to | directional

oxygen concentration, making these compounds very interest- L | | coupler

ing for biological applications1({3). extemal défgg,%?cl Soifer o l
Recently, a novel class of water-soluble triarylmethyl 9

(TAM) compounds have been proposed forvivo EPR and e =_‘*i NMR coil

DNP studies 17). The structure, synthesis, and characteriza- TURX [ & 2

tion of the TAM agents have been reported elsewh&sg The S m—— loong;Fc;% -

TAM free electron contrast agents have one major very narrow
EPR line and a number of small satellite EPR lines. Theserig. 2. schematic diagram of the radiofrequency hardware developed f
satellite lines arise from the hyperfine coupling of the fregulsed DNP at 10 mT.
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power calibration and monitoring of the TX and reflected Bie Q.
(RFX) high-power RF pulses. The measured rise and fall imes A="S*\i 2.7 (2]
of the pulses at the power amplifier output were less than 10 ns. v 00

The measured power (incident into the EPR resonator at crit-

ical coupling) was about 13 W with nominal RF source pow here P is _the power incident on the resonat@L Is the
level of 0 dBm. An inductive loop (32 mm in diameter)oaded quality factor, and, andZ are the radius and the length

positioned in a sliding mechanism was used to match R IFhe Lr?R’ respectivel;(/j. tThe metr;;)d %f thef per':ju:rt:irl% me
impedance of the EPR resonator to that of the RF po ic sphere £7) was used to measureand we found that for

~ 1/2 H H
amplifier. All the connections for the RF signals were madk he grr:pty LlGRIZ.X N 3|7 tH/W .dThed |tr;1$ert|or:_toff11 ml_of
with 50 () coaxial cable (RG 58). The NMR hardware for thﬁ&'iﬁf%&?ﬁiﬂ'é‘&éﬁ \l;v;(;nark?ojtcgm A;l,‘ﬁ“g ! ﬁsﬁlc@[%g;e
detection of the water proton signal at 10 mT has been de- - BY 9

scribed previouslyZ4) and is only schematically shown in Fig.measured values, the required peak power incident in t

2. The NMR TX/RX originally designed for operation at ggesonator is abaul W with the empty LGR ad 3 W with the

mT (1.7 MHz NMR frequency) was modified for operation aphys_iological saline solution. The power a_mplifier provides
aximum power of only 60 W, and for this reason we wer

10 mT by the inclusion of down- and up-frequency converterd!&X! . ) :
A 70-turn solenoidal transmit/receive coil tuned to 425 kHEeStrICted to using pulses W'th W'.dths of 500 ns. Several factc
(dia 7.5 cm, length 7 cm) was use2B and was placed inside influence the accuracy with which thg,, amp_htude can be_
a cylindrical 40um copper foil shield (dia 20 cm, length 30measured: RF source !ooyver ou_tput Ieve_l;_gam and band\_/wc
cm). The EPR resonator was inserted centrally within the N the RF_ power amp_llfler_, coupling coeff|C|e_nt and bandW|_dtI
coil. Because the field of the NMR coil is coaxial with that of the high-power directional coupler; oscilloscope vertice

the EPR resonator, a variable decoupling capacitor (3—20 ibration; and matching and efficiency factor of the EPI

was connected in series with the coupling loop to avoid inteS>onator. We es(t)lmated thag, was measured with an accu-
ference on the proton free induction decay (FID). racy of about+20%. Consequently, it was necessary to regt

Previous studies have shown that, for a given EPR powg}te experimentally the peak EPR power (or the pulse widt

the loop gap resonator gives the maximury, Beld when around the expected valge to select the_: inverting puls_es.
compared to other resonator desig@§)( This feature is par- . Another fac_tor_to ta_ke Into accoun_t WithDNP at low field
ticularly important formDNP because the EPR power can b _the LGR ringing t|rT_1e. The app_hed_r pulse produpes a
minimized. In this work a bridged one-loop one-gap resonat P'IdUp and decay d®,, in the LGR with time constantgiven
(LGR) was used 45). The LGR prototype was built on a y (26)

Perspex cylinder (internal diameter 31 mm, external diameter

38 mm, length 30 mm). A sheet of adhesive copper tape - Q [3]
(thickness 10um) was laid on the cylinder. A PTFE sheet 2m-fy’
(thickness 1Qum) was used as dielectric and the gap width and

separation were 19 and 0.5 mm, respectively. A high-qualityheref, is the frequency of operation. The dependencearf
factor variable capacitor~30 pF, Oxley, UK) was used to the inverse of the frequency penalizes low-figiDNP appli-
tune the LGR to the required frequency. A network analyseations. For example, at 280 MHz and assuming a quali
(Anritsu, MS3606B) and a directional coupler (Mini Circuitfactor of 1000, we have that= 570 ns. Ther value for our
ZAD-10-1) in a reflection configuration were used to measut&sR was measured using a power reflection mett2g): the
the LGR resonant frequencyf{ = 280 MHz), the matching high-power directional coupler and high-frequency oscillo
(better than 25 dB), and the loaded quality factQr (= 173 scope (see Fig. 2) were used to monitor the buildup and dec

when empty). of the reflected (RFX) power. It was found tha& 160 ns for
The flip anglex of the electron magnetization is given by thehe empty LGR and = 110 ns with 23 ml of deionized water
Breit equation 26) (QL = 155). If we assume that forrDNP experiments the

resonator dead time &, ~ 5 - 7, this means that with aqueous
samples the repetition time should be chosen to be longer tf
1 ps. However, it is important to note that this requirement i
strongly dependent on the nature of the free radical under stu
wherey, = 1.79X 10" rad s* T %, B, (T) is the RF magnetic and the loading effect of the sample on the LGR.

field in the rotating frame, ant, (s) is the width of the pulse. =~ wDNP experiments were carried out using 1 mM deoxyger
For am pulse witht, = 200 ns, a peaB,. amplitude of about ated TAM in aqueous solution (17 ml). FIDs were acquire
90 uT is required. The magnitude of the LGR efficiencyithout EPR irradiation (see Fig. 3a) to obtain the referenc
parameterA, determines the power required for theulse. It signal for the calculation of the DNP enhancement. FIDs we
has been shown that for the LGRY] also acquired following a train af pulses under the following

o= Ye* Bie* tp [1]
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150 accuracy with which the RF magnetic field can be measure
Because of the modest accuracy20%) of the measured RF
1 (a) power, for a given EPR pulse width the peak EPR powe
\/WWWWWWMW should be experimentally regulated around the expected va
- corresponding to the inverting pulse. For these reaseDslP
100 + experiments were performed with a wide range of EPR pow
g (between—40 dBm and+16 dBm at the RF source) using
repetition times of 12 and 4s. The pulse width was main-
(b) tained at a constant value of 500 ns. It was found that the F
- amplitude was sensitive to the power level of the irradiatin
50 + EPR pulses. The FID peak-to-peak amplitude was used
- calculate thewDNP enhancement according to Eq. [4]. We
believe that the total number of pulses is important to establi
- how the enhancement converges to the maximum achieva
i value. Unfortunately, with the present experimental apparat
0 —— we are unable to clarify this particular aspect. For this reast

0 20 40 60 80 100 we used a train of EPR pulses with a total duration th:
is much longer than the longitudinal proton relaxation tim
(Tepr > 500 ms).

FIG. 3. Proton FID detected: (a) without EPR irradiation; and (b) with a The experimental results reported in Fig. 4a for a repetitic
train of EPR inverting pulses [EPR irradiation frequency 279.65 MHz; EPBme of 12 us show that (i) therDNP enhancement follows a
power —8 dBm at the RF source (peak powdrW in theresonator)t, = teady increase from zero to abet8 for EPR power levels up
200 nsit, = 12 iS; Tees > 500ms]. The paramagnetic sample was 1 mM Ofo —12 dBm, and (ii) for higher power, the enhancement shov
TAM in deionized water. oo . ; : ' .

an oscillating behavior, with a first maximum ef11 obtained

) . ) o at power of—8 dBm and a second maximum efL0 at power
experimental conditions: EPR irradiation frequency 279.6% 1 7 4Bm. The saturation limit of the power amplifier mean
MHz; EPR power of—8 dBm at the RF sourcé;, = 500 nS; ¢ it was not possible to extend the measurements to higl
t; = 20 ps; Teer > 500 ms. ThemDNP enhancement waspqyer jevels. The results obtained with a shorter repetitic
calculated as1) time of 4 us (Fig. 4b) show a similar oscillating behavior, with

FID (a.u.)

time (ms)

A= , [4] 100

wherel, andl, are the peak-to-peak amplitudes of the FID
without and with the EPR irradiation, respectively. As reported
in Fig. 3b, the FID showed a significant increase of the am-
plitude and thesDNP enhancement was aboub (the minus -A
sign is due to the phase inversion of the FID with respect to the
reference signal). This EPR power 68 dBm corresponds to
a peak power of aba@ W in theresonator. The duty cycle of
the train of pulses was 3%, and this gives an average peak
power of about 60 mW at the sample. L (¢ (b) (a)
The theory of pulsed DNPLQ) predicts that the application
of EPR pulses of arbitrary amplitude that produces a deviation 1+ e
of the longitudinal electron magnetization from the equilibrium -50 -40 -30 -20 -10 Y 10 20
value will enhance the proton FID signal. However, only the
“exact” EPR power level corresponding to thepulse will
produce the maximum deviation of the longitudinal electronFIG. 4. DNP enhancement versus the peak EPR irradiating power o
magnetization from the equilibrium value (i.e., maximum DNRined with (a) a train of pulses with = 12 us; (b) a train of pulses with,
enhancement). Any further increase of the power level wifl 4 ps; and (c) CW irradiation. The EPR power of 0 dBm at the RF sourc

reduce the EID enhancement. and a power level correspon orresponds to 13 W of peak power incident on the loop gap resonator. T
u ! pow v p d}igg\magnetic sample was 1 mM of TAM in deionized water, and the EF

to a flip angle of Zr should give zero enhancement. As pointegquisition parameters were: EPR irradiation frequency 279.65 Mz
out in the experimental section, several factors influence tb@ ms;t, = 500 ns.

10 +

RF source EPR power (dBm)
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a first maximummDNP enhancement value 6f36 obtained at vascular area and a value 6fL00 in the urine bladder of living
a power of =10 dBm. A second maximum in the@DNP rats have been reported by Golman and co-work2@s (
enhancement equal to abou®5 was observed at a power of It is interesting to compare the average power required |
—4 dBm, although it was not as well resolved as for the longére two DNP technigues when tlsameenhancement is con-
repetition time. sidered. This can be obtained from the results reported in Fi
These experimental results demonstrated #iaNP was 4b and 4c with the peak power in the range-630 to —10
actually being used and not merely discontinuous EPR irradiBm. We observe that in this range the pulsed techniq
ation. The observation of these two maxima in thBNP requires about 14 dBm peak power more than the CW DN
enhancement is in accordance with a periodical variation of ttexhnique. This means that, when g@meenhancement value
electron spin FID amplitude as obsenwicectly with a 9 GHz is considered, the pulsed DNP technique requires an aver:
pulsed EPR spectrometer using nickel impurities in synthepower that is about three times higher than that required wi
diamond 28). As shown in Fig. 4, the first maximum in thethe CW irradiation. Of course this comparison can be ma
DNP enhancement occurs with peak power of about 1.3 ®vly for enhancement values less thaB6, since this corre-
(—10 dBm at the RF source) and pulse width of 500 ns. For tponds to the maximum value observed with the train of puls
TAM water sample the measured efficiency factor was abowith 4 us repetition time.
34 uT/W™ and the corresponding flip angle is about 174°. As For in vivo DNP applications it is very important to mini-
previously anticipated, the experimental errors affecting timize the average power deposited in the sample. The resl
LGR efficiency factor, the pulse width, and the peak EPFReported in Fig. 4b shows that with a train afpulses (width
power could explain the deviation of the estimated flip angE00 ns, repetition time 4s) the maximum DNP enhancemen
from the theoretical value of 180° (inverting EPR pulse). Wef about—36 was obtained with a peak level 6f10 dBm at
must point out that the minimum in the oscillating pulsed DNEhe RF source. From the results reported in Fig. 4c, the me
enhancement curves of Figs. 4a and 4b does not reach the zenam CW DNP enhancement of abou¥8 was obtained with
value as might be expected. This is probably due to of& peak level of—1 dBm at the RF source. In the presen
resonance effects of the irradiating EPR pulse and/or inhonexperimental conditions and considering the maximum e
geneity of the RFB, field within the sample volume. More- hancement achievable, the pulsed technique requires only
over, from Figs. 4a and 4b we observe that for the shortef the average power necessary with the CW DNP techniqt
repetition time the oscillations in the DNP enhancement avée believe that this reduction in the average power ce
less distinct and shifted by a few decibels with respect to tlhe important for future DNP studies with large biologica
data obtained with the longer repetition time. With the shorteamples.
repetition time we are approaching the resonator dead timeArdenkjaer-Larsewet al. (19) have reported ;. = 11 us and
and this could explain these findings. T,. = 9 us for the TAM agents in deoxygenated isotonic salin
A preliminary comparison of the enhancement obtained wiind at infinite dilution. In practical conditions, much shorte
the 7DNP and the CW DNP techniques was obtained with tlrelaxation times are obtained. From DNP studies at 8.5 m
present apparatus. The FIDs using CW irradiatidg.¢ > 500 Konijnenburget al. (22) have previously reported that for 1
ms) were acquired with EPR power betwee#2 dBm and-1 mM TAM in water T, X T,, = 2.9 X 10 ** §°. Assuming a
dBm at the RF source. The measured CW DNP enhancemeoittrelation time of the order of 10 ps (similar to that of sma
reported in Fig. 4c shows a steady increase freinto about nitroxides) and considering an irradiating frequency of 28
—50 for peak EPR power levels up t625 dBm. For higher MHz, it can be shown1(5) thatT,, ~ T,. Thus, from the data
power the enhancement reaches a “plateau” with a maximuaported by Konijnenburgt al. (22), we estimate that for the
value of about—78 with a peak level of—=1 dBm. This 1 mM TAM solutionT,, should be about 1.4s. In the present
variation of the DNP enhancement is a standard feature for G3dy, the full width at half-amplitudeAB,,,, of TAM was
EPR irradiation and can be explained by the progressive satierived from the CW DNP enhancement as a function of tt
ration of the EPR transitionl]. For the TAM agents Ardenk- EPR irradiating frequency (main field 10 mT). We found tha
jaer-Larsenet al. (19) reported a CW DNP enhancement afor our sampleAB,,, = 20 uT, and this gives an estimatdd
infinite concentration of the agent and at infinite EPR irradiatalue of 0.5us. With these values in mind, it is not surprising
ing power,A.., of about—270. A smaller valueA. = —233) that the train of EPR pulses with 4s repetition time is
has been reported by Konijnenbuegal. (22) using TAM in effective in increasing the maximum enhancement as col
water solutions. In our experimental conditions, we estimapared to the pulses with 12s repetition time. As the repetition
that the CW saturation factor was about 0.98 and the leakagee is further decreased we do not expect a decrease of
factor was about 0.33 (from the TAM relaxivity data reportechaximum enhancement. For very short repetition times tt
in Ref.19). This should explain why we have measured a lowgulsed DNP technique should “converge” to the CW tect
CW DNP enhancementy = A, - f - s) value than have other niqgue. Consequently, the oscillations in the enhanceme
groups. Recently, a maximum enhancement-@0 in the should disappear and the enhancement should show a ste
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increase as a function of power until the plateau is reacheddth and shape, EPR pulse repetition time, and the tof
This is approximately the behavior of the DNP enhancememimber of pulses. We have done some preliminary wafl (

reported in Fig. 4. However, we were not able to observe thasid we are aware that other groups are working on this prc
transition in more detail because of the limitation due to tHem (J. H. Ardenkjaer-Larsen, personal communication, 199¢

dead time of the EPR resonator. We hope such detailed analysis will be available in the futur
In conclusion, an apparatus fealDNP at 10 mT has been
designed and the most important experimental problems (peak ACKNOWLEDGMENTS
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