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ABSTRACT 

Remote detection of NMR is a novel technique in which an NMR-active sensor 

surveys an environment of interest and retains memory of that environment to be 

recovered at a later time in a different location.  The NMR or MRI information 

about the sensor nucleus is encoded and stored as spin polarization at the first 

location and subsequently moved to a different physical location for optimized 

detection.  A dedicated probe incorporating two separate radio frequency (RF) - 

circuits was built for this purpose. The encoding solenoid coil was large enough 

to fit around the bulky sample matrix, while the smaller detection solenoid coil 

had not only a higher quality factor but also an enhanced filling factor since the 

coil volume comprised purely the sensor nuclei.  We obtained two-dimensional 

(2D) void space images of two model porous samples with resolution less than 

1.4 mm2. The remotely-reconstructed images demonstrate the ability to 

determine fine structure with image quality superior to their directly detected 

counterparts and show the great potential of NMR remote detection for imaging 

applications that suffer from low sensitivity due to low concentrations and filling 

factor.   
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INTRODUCTION 

The key feature of remote detection [1] is the spatial separation of the NMR 

encoding and detection steps, which allows for their separate optimization by 

providing the most suitable conditions for encoding without compromising 

detection quality.  Parameters that influence the quality of NMR data such as 

static magnetic field strength, RF coil size and geometry, and even the type of 

detector can be chosen with a flexibility that conventional NMR would not permit 

(fig. 1).  Remote detection is realized by employing a “signal carrier” to encode 

NMR information indicative of its environment.  This time-domain or k-space 

information is stored point-by-point as spin polarization in the encoding location, 

each point being subsequently transported to the detection location.  Remote 

detection is based on the principle of indirect detection of NMR (or phase 

encoding of MRI), which involves incrementing the time duration or k value for 

which a transverse signal evolves.  The resulting phase acquired after each 

evolution provides one point in the indirect signal.  This naturally adds an extra 

dimension to the experiment. In a remote experiment, the indirect dimension 

provides information about the encoding environment, while the direct dimension 

simply gives the signal of the sensor in the detection region. 

Sensitive modes of detection, that are challenging or not applicable in a 

direct experiment, such as SQUID [2] and optical detection [3] (fig. 1) and the 

sensitive detection achieved by narrowing the detection bandwidth (defined by 

1/T2
* in conjunction with the appropriate filter) along the direct dimension [4-6], 

potentially offer a large enhancement for NMR and MRI. 
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This technique adapts particularly well to laser-polarized Xe-129 NMR, not 

only because the highly polarized and chemically inert noble gas atom with long 

T1 relaxation time is tailored for the role of an effective transport medium for spin 

polarization, but also because it provides a wealth of NMR-based physiochemical 

and biomedical information [7-13].  Thus, Xe-129 is a powerful sensor of its local 

environment and can retain information about that environment for a sufficient 

amount of time during transport.  This Xe-129 guest, diluted inside the sample 

matrix, is extracted out of its host and subsequently transported and 

concentrated into the detector volume for more sensitive detection. 

Xe-129 has been popular for NMR studies of various materials for two 

decades [9].  As a noble gas, xenon is non-reactive, making it a viable objective 

observer, yet with 54 electrons its chemical shift is extremely sensitive to its 

environment, even in the absence of covalent bonding.  An additional advantage 

of xenon is its ability to be hyperpolarized through spin-exchange interaction with 

optically pumped Rb vapor [14-16].  A sensitivity enhancement of 5-6 orders of 

magnitude compared to thermal polarization can be realized.  

NMR studies of materials such as porous media [17], solution [10, 18-20], 

and tissue (including in-vivo applications [11,12] and the xenon biosensor) by 

means of inclusion of sensor nuclei into the matrix inherently suffer from low 

signal-to-noise because the majority of the volume in the detection region is 

occupied by the matrix material itself.  The guest sensor occupies only a small 

fraction of the total sample volume, resulting in a low coil filling factor or low 

magnetization, and thus decreased sensitivity.  The sensitivity with which the 
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sensor nuclei can be detected not only limits the signal-to-noise of the image but 

also its resolution, since the latter is determined by the minimum voxel size one 

can subdivide the total volume into by imposing strong gradient fields, such that 

the number of spins in one volume element remains detectable.  Although laser-

polarization of Xe-129 increases the signal-to-noise substantially, it does not 

change the insensitivity of the detection coil which has a low filling factor or the 

problem of low concentration of the relevant species. 

Remote detection is a new technique [1] that addresses, among others, 

the problem of low sensitivity of NMR and MRI for material studies.  Since the 

dilute “signal carrier” is separated out of the material’s volume into the detector 

volume, more favorable conditions for detection can be chosen.  Though our 

signal carrier is Xe-129, it is important to note that it is not the Xe-129 sample 

itself that is of interest, but its interactions with the encoding environment.  Also 

note that other signal carrier fluids such as water or oil may be employed for 

remote detection MRI with the T1 of these carriers being the only foreseeable 

limitation.  There are numerous applications where the transportation of the fluids 

through a porous material is a natural part of the experiment [21].  Remote 

detection can easily be applied to such imaging and flow studies.  

We will present an extension to our previous work in which remote 

detection is applied to imaging of porous samples by incorporating Xe-129 into 

the void space of materials.  An enhancement of the void-space image is 

achieved through remote detection by using a separate coil with optimum filling 

factor for detection, different than that of the encoding coil containing the sample 

 5 



matrix.  The expected sensitivity gain depends on many factors as discussed in 

Hoult’s paper [22].  A simplified equation (eqn. 1) describing sensitivity may be 

used to calculate an order of magnitude approximation of sensitivity.  The root 

mean squared signal-to-noise ratio S is given by 
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where K is a numerical factor which depends on coil geometry, the noise figure of 

the preamplifier, and also takes into account various physical constants.   η is the 

filling factor, M0 is the nuclear magnetization, which takes into account the 

concentration of relevant spins in the sample volume, Vc is the volume of the coil, 

Q is the quality factor of the circuit, ω0 is the Larmor frequency, n is the number of 

scans for signal accumulation, T is the temperature of the probe, and ∆f is the 

detection bandwidth. m0 in the second line of eqn. 1 is the net magnetic moment 

of the spins inside the coil volume, which is transported without loss from the 

encoding to the detection location in an ideal remote experiment.  The signal-to-

noise ratio in a remote experiment can be enhanced by optimizing the factors η, 

M0 (via concentration), Vc, Q, ω0, T and  ∆f  independently for the encoding and 

detection steps, which is not possible in a conventional NMR experiment.  In 

remote detection NMR experiments, an RF coil with better η and Q can be used 

for detection than may be possible for the encoding coil, due to constraints 

imposed by the presence of the sample.  A higher magnetic field can be 

employed for more sensitive detection while a lower field may be used for 
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encoding, for example to decrease susceptibility artifacts in imaging.  The 

detection coil can be cooled to enhance detection sensitivity while still preserving 

the optimal temperature conditions for the sample.  The detection bandwidth may 

be narrowed by the application of pulse sequences such as spin lock detection 

[5, 6] or the use of multiple echoes [4].   

 For our experimental conditions, a simpler expression may be used to 

describe the possible enhancement obtained with remote detection.  For a first 

approximation signal-to-noise ratio comparison of remote and direct detection, 

we assume that the same number of spins, therefore same value of m0 is 

detected using either method.  We encode and detect in the same static 

magnetic field (ω0 remains constant), both coils were at approximately the same 

temperature, and the T2* (thus detection bandwidth ∆f) of the signal is 

comparable in both coils.  Therefore, the sensitivity of our experiment is only 

improved through optimization of coil Q and Vc. The B1 field amplitude, and thus 

t90 (π/2 pulse length) is directly related to these parameters [23], as expressed in 

eqn. 2.   

(2)  900100 1/ tmBmVQmS c ⋅∝⋅∝⋅∝  

Consequently, knowledge of the t90 of both coils—for the same applied power—

allows us a rough calculation of the expected signal-to-noise ratio improvement, 

in agreement with the principle of reciprocity [22].  
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RESULTS AND DISCUSSION 

Two remote images, obtained by Fourier-Transform NMR utilizing pulsed field 

gradients, are presented.  One phantom sample was a Kel-F cylinder with the 

letters CAL of 0.7 mm thickness carved through the cylinder axis, so that the 

flowing xenon gas occupied only the void-space in the shape of the letters.  The 

effective fractional void volume accessible to the xenon gas was ~0.25 resulting 

in a filling factor of 0.125.  The second sample was a 14 mm diameter, 10 mm 

long glass cylinder with 1.4 mm diameter cylindrical pores all the way through the 

cylinder axis, which is also the direction of gas flow.  This porous sample 

resembles a 2D honeycomb structure with a fractional void volume of ~0.45 and 

filling factor 0.225.  In both cases the projection of the gas on to the plane 

perpendicular to the flow direction was imaged.  While the first image 

demonstrates the ability to accurately reconstruct fine structures with superior 

quality by the remote detection technique, the second image illustrates the 

feasibility of applying this technique to complex structures, potentially to real 

porous materials. 

Before images were acquired with the pulse sequence shown in fig. 2a 

and 2b, the travel time required for the encoded Xe-129 spins to reach the 

detection location was determined for a given flow path and rate as follows. In 

the encoding cell a π-pulse was applied to invert the Xe-129 magnetization.  This 

served as a tag to allow observation of the encoded Xe-129 upon arrival at the 

detection coil.  Following the inversion pulse, we began pulsing repeatedly at the 

detection coil in order to continually observe the arrival of the inverted 
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magnetization from the encoding coil.  An example of a travel time curve, a plot 

of signal from the detection coil versus flow time, is shown in fig. 2c. For short 

flow times, the encoded Xe-129 had not yet reached the detector, so the 

detection signal shows maximum intensity. At the flow time corresponding to the 

travel time, when encoded Xe-129 had fully reached the detector, the detected 

signal would be expected to have maximum negative intensity. However, due to 

spreading and mixing with unencoded xenon, the resulting signal generally had 

only small (negative or positive) amplitudes.  Nevertheless, the spectrum with the 

smallest signal amplitude corresponded to the travel time for which the maximum 

amount of encoded Xe-129 and minimum amount of unencoded Xe-129 had 

occupied the detection cell. At flow times longer than the travel time the signal 

intensity slowly recovered to its maximum. During an imaging experiment, in 

order to compensate for the signal loss due to the spatial spread of encoded 

signal during the traveling period, the information carrying longitudinal 

magnetization of the spins is collected by pulsing and acquiring several times for 

each encoded point in k-space.  Each of these acquisitions corresponds to the 

detection of an encoded spin volume arriving at a different time.  In the following 

we will refer to each of such detected volumes of spins a batch of spins.  The 

appropriate number of batches and timing was determined by means of the travel 

time curve. 

 The pulse sequence used to acquire the 2D pulsed FT remote images (fig. 

2) consisted of an excitation pulse, an evolution period during which two 

orthogonal gradients were applied perpendicular to the direction of flow, and a 
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storage pulse.  The gradient duration was 150 µs and the amplitude was arrayed 

in 128 steps with an increment of 1.56 G/cm.  After the spatial information was 

encoded in the Xe-129 gas, it flowed to the detection cell.  At the detection cell a 

π/2 pulse was applied and the resulting free induction decay (FID) was acquired 

with an acquisition time of 12.8 ms.  Each FID collected at the detection cell 

provided one point of the indirect dimension k-space signal.  This collection of 

signal in the detection coil was repeated 10 times for each encoding point so as 

to collect the encoded Xe-129 which spread spatially during travel.  The minimum 

pulse delay between each acquisition depended on the flow rate with which the 

Xe-129 traveled through the coils and was replaced by “fresh” gas.  With our 

experimental setup, a rapid pulsing with a repetition delay as short as 100 ms 

could be realized.  Consequently, a 128x128 2D remote image obtained by a 3D 

sequence required less than 2 hours total experimental time.  Only one average 

was taken in order to save time, though with two averages and phase cycling the 

complete complex image could have been acquired.  In this case, there was no 

advantage to doing this since the image did not overlap with the axes and thus 

the lack of frequency discrimination did not lead to any ambiguity in image 

features.   

The remote image presented in fig. 3a was the result of a composite of 10 

batches.  The first batch was acquired in the detection cell 80 ms after it was 

encoded in the encoding cell.  The subsequent batches were acquired 13 ms 

apart, which was ample time for the previous Xe-129 batch to exit the cell volume 

(at a flow rate of 16 ml/s).  If the flow from the encoding to the detection coil 
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would follow a perfect time-invariant flow pattern, each batch of Xe-129 taken out 

of the pore volume of “CAL” should have basically the same features, so that 

adding them together would simply lead to a signal-to-noise gain by the square 

root of the number of batches.   However, the geometry of the cells did not 

facilitate regular flow.  Since we used solenoid coils, the gas flow path 

necessarily went around corners.  One consequence of this disturbed flow 

pattern was that encoded gas near the top of the cell, which was closer to the 

outlet, reached the detector sooner than the gas at the bottom of the cell.  Also, 

the gas possibly encountered the bottom corner of the cell upon exit, creating a 

turbulence that may have further delayed its arrival at the detection cell.  This 

flow pattern was observed by processing each batch independently. The remote 

image in fig. 3b was comprised of a sum of earlier batches containing only the 

top of the “CAL” image while subsequent batches filled in the rest of the image 

slice by slice.  Figure 3c shows the sum of intermediate batches. The sum image 

in fig. 3d of later batches visualizes the bottom of the sample.  The complete 

image shown in fig. 3a is the sum over all batches.  

The remotely-detected 2D cross-sectional images of the “honeycomb” 

phantom (fig. 4a) were measured with the same experimental conditions as for 

the “CAL” phantom. This Xe-129 void space image gives an impression of the 

fine structure of the honeycomb phantom (fig. 4b) which emulated a porous 

material.  The porous glass phantom was placed loosely in the encoding cell, 

which allowed some gas to flow around it.  The higher intensity at the edges of 

the image makes this evident.  By close inspection one can identify regions in the 
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middle section and edges of the phantom where the pores and cracks match with 

the real structure verified in the photograph.  The close-up image presented in 

fig. 4c supports this observation.   

For comparison, a 2D image of each phantom was directly detected in the 

encoding cell using the same experimental parameters.  But instead of storing 

the signal after each evolution period, it was detected directly by the encoding 

coil.  The major difference was the sensitivity of the detector.  The direct images, 

shown in fig. 5a, b were acquired by means of a large encoding coil, while the 

remote images (fig. 5c, d) — encoded with the same coil and thus same poor 

filling factor— were detected with a smaller detection coil. 

An order of magnitude calculation of sensitivity enhancement when 

employing remote detection can be made using eqn. 2. The enhancement 

obtained in our remote MRI experiment is mainly due to the difference in quality 

factors and coil volumes which are reflected in the t90 for each coil.  For the 

honeycomb images presented here, the ratio of t90 for the encoding coil to t90 for 

the detection coil is ~30.  The actual enhancement obtained using remote 

detection was about 4 times.  In the case of the “CAL” phantom, the ratio of t90 for 

the encoding coil and the detection coil was ~2.  The actual enhancement was 

approximately 1.7 times.  However this is merely an order of magnitude 

calculation and other factors complicate a quantitative comparison between 

direct and remote images.  For the maximum enhancement to be achieved, all of 

the encoded signal must be detected at the detection coil.  Though information 

obtained from the travel time curve was used to ensure quantitative acquisition of 
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all encoded Xe-129, there was no sharp cut-off at which the gas fully retained its 

initial polarization. Some portion of the encoded gas was not accounted for in the 

signal accumulation of 10 batches.  This had two different effects on the remote 

images, namely a decrease in the actual compared to the anticipated signal-to-

noise enhancement and in some cases, an enhancement in image resolution.   

A compromise between the signal-to-noise and resolution enhancement of 

the remote image with respect to the direct image may be observed in figure 5.   

In the case of the honeycomb image, less signal is detected in the remote image 

than in the direct image.  Whereas the direct image corresponds to a projection 

along the cylinder axis originating from the whole excitation volume, the remote 

image corresponds to a projection along a shorter axis length.  The latter arises 

because only those spins that arrive at the detection coil within the 

predetermined number of batches get collected.  These spins originate from a 

smaller and more homogeneous encoding cell volume.  This leads to a superior 

image resolution of the remote image due to longer living signal, though with 

fewer Xe-129 spins detected.  Therefore, the signal-to-noise enhancement is 

much less than expected.   

However, the comparison between the direct and remote images of the 

CAL structure (fig. 5b,d) illustrate a different situation.  In this case, the “CAL” 

remote image has a comparable resolution to the analogous direct image but a 

much higher signal-to-noise ratio.  This indicates that a large portion of the 

encoded Xe-129 atoms were collected at the detection coil under superior 

detection conditions. 
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In addition to these factors, indirect dimension signal inherently suffers 

from t1 noise which results from fluctuations in the signal from point to point, that 

in the direct dimension would only be manifest as a slight shift in signal intensity.  

These effects will be discussed more thoroughly in future work.  

 

 

EXPERIMENTAL 

The images presented were acquired in a 7 T superconducting magnet equipped 

with a set of actively shielded micro-imaging gradient coils (Varian) and a 4-cm 

diameter home-built narrow-bore remote detection probe.  The two-coil remote 

imaging probe consists of an encoding solenoid coil, large enough to surround 

the sample of interest, and a smaller detection solenoid coil with a higher quality 

factor.  The proximity of the two coils caused a noise problem originating from the 

decoupler channel of the spectrometer (Varian, Unity Inova), which is used to 

pulse on the encoding coil.  The detection coil, inductively coupled to the 

encoding coil, picked up some of this noise since both coils were necessarily 

tuned to the same frequency (83 MHz) and were only separated by a length of 

3cm. This was minimized by orienting the coils as perpendicular to one another 

as geometric constraints would allow and soldering copper shielding to ground 

around each coil. 

 The probe was placed inside the imaging magnet such that the most 

homogeneous region was positioned between the coils but closer to the 

encoding coil. While the homogeneity of the encoding region is directly related to 
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the image quality, the homogeneity of the detection region is not as crucial for the 

image resolution. This is because the overall integral of the direct dimension 

signal, not the characteristics of the signal such as line width, shape, and 

amplitude are relevant for the point-by-point detected remote signal modulation 

along the indirect dimension.  Therefore, the line broadening due to 

inhomogeneity in the detection region does not necessarily lead to signal loss 

along the indirect dimension and can even be mitigated by effective narrowing of 

the detection bandwidth. The gradient coils were centered around the encoding 

coil since the gradients were only used for encoding. 

Hyperpolarized Xe-129 in natural abundance was prepared from a 

Xe:N2:He (1:2:97) gas mixture (Spectra Gases) using a commercial polarizer 

(Amersham Health).  The experiments were performed in continuous flow mode 

with the higher pressure (~7 atm) in the pumping cell providing the force to drive 

the gas from the polarizer to the first coil for encoding and subsequently to the 

second for sensitive detection.  The outlet of the detection cell was connected to 

a long thin plastic tube with a narrow opening at the end. This restriction helped 

the stabilization of the flow rate and prevented oxygen from diffusing back into 

the system which would have led to faster relaxation of the Xe-129 polarization. It 

was essential to maintain a stable flow rate, since the actual travel time of Xe-

129 between the encoding coil and the detection coil is accurately matched with 

the timing of the pulse sequence.  As a result, an irregular flow rate, thus travel 

time, would lead to a fluctuation of the signal amplitudes along the indirect 

dimension. 
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CONCLUSION 

The proper application of the NMR remote detection technique including 

the controlled and quantitative transport of encoded spins from the imaging to the 

detection region leads to higher sensitivity and maximum image resolution.  

Homogeneity in B0 and B1 field in the encoding region and a sensitive detector 

are often required for the successful implementation of remote detection although 

inhomogeneous broadening can be compensated for by the use of nutation-

echo/ex-situ methodology [24, 25].   

Our results demonstrate how a certain flow pattern can influence the 

resulting image features.  A non-uniform flow pattern and the mismatch in sample 

volumes of the encoding and detection cell led to a partitioning of the encoded 

gas volume, so that the detection step had to be repeated over a certain period 

to collect the information in several batches.  On the other hand, such information 

is useful to study flow properties.  The experimental time can be vastly reduced 

by employing stop-and-go flow control systems and utilizing pumping or injection 

devices.  Also, the use of upstanding coils, and thus a straight flow path will 

provide a more efficient transfer of gas between coils, resulting in a smaller 

volume of gas that contains encoded xenon.  With a smaller volume of gas to be 

detected, options such as the adoption of microcoils [26-28] become viable for 

detection.  With further sensitivity gain afforded by these improvements higher 

gradients can be utilized to image materials.  Ultimately, this technique can be 

applied to resolve the fine structure of various living and inorganic porous 
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materials that are not accessible by conventional NMR imaging methods within a 

reasonable experimental time.  
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FIGURE LEGENDS 

Figure 1.  Remote detection schematic.  The dilute sensor inside a sample matrix 

is encoded and stored by a large coil with a poor filling factor and physically 

transported to a different location for optimized detection.  The stored signal can 

be read out more sensitively with a smaller RF-coil, or by alternative detection 

techniques such as SQUID and optical detection.  The data presented in this 

article was acquired with a small, sensitive Faraday coil. 

 

Figure 2.  Remote imaging pulse sequence and travel time curve. a) The remote 

imaging encoding sequence consists of an excitation pulse, an evolution period 

during which two orthogonal gradients are applied perpendicular to the direction 

of flow, and a storage pulse.  The gradients are independently arrayed 128 times 

for 150 µs with an amplitude increment of 1.56 G/cm.  After the spatial 

information is encoded in the Xe-129 gas, it flows to the detection cell.  b) At the 

detection cell a π/2 pulse was applied and the resulting free induction decay 

(FID) was acquired.  Each FID collected at the detection cell provided one point 
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of the indirect dimension k-space signal. This collection of signal in the detection 

coil was repeated 10 times for each encoding point so as to collect the encoded 

Xe-129 which spread during travel. c) The travel time data shown was acquired 

by inverting the magnetization in the encoding coil and then arraying the time the 

gas was allowed to flow towards the detection coil where it was detected.  As the 

inverted signal reached the detector the signal intensity was most depleted.  The 

flow time corresponding to the minimum intensity was the time at which the 

maximum amount of encoded signal and the minimum amount of unencoded 

signal was present at the detection coil.  The width of the spread of encoded gas 

was determined by the amount that the encoded gas mixed with unencoded gas.  

During the detection period of a remote imaging experiment Xe-129 was 

repetitively collected as long as encoded signal was present in the detection coil 

as is illustrated (dotted lines).  

 

Figure 3.  Xe-129 remotely-detected void-space image of the “CAL” phantom.  a)  

The phantom is a 13 mm diameter cylinder of Kel-F with the letters “CAL” carved 

through with feature thickness of 0.7mm and a height of 10 mm.  The complete 

remote image of the “CAL” phantom is comprised of 10 batches of gas. b) The 

Xe-129 encoded at the top of the phantom had the shortest distance to travel to 

the detector and was thus detected in the first few batches.  c) The next few 

batches to reach the detector corresponded to the Xe-129 encoded in the center 

of the phantom.  d) Finally the bottom features of the phantom were visualized 

after waiting the longest flow time to collect the encoded Xe-129.   

 21



 

Figure 4.  Xe-129 remotely-detected void-space image of the “Honeycomb” 

phantom.  Different photographs have been used to illustrate different aspects of 

the phantom.  The photograph in figure 4a more accurately depicts the shapes of 

the pores but since it was taken at a slight angle with respect to the sample, the 

size of the pores appears larger than they are in reality.  Conversely, the 

photograph in figure 4b is slightly blurred and thus displays the pore shapes less 

accurately, yet their relative placement and size more accurately.  a)  The 

remotely-reconstructed image of the “honeycomb” phantom shown is comprised 

of ten batches of encoded Xe-129.  b)  The photo of the 14 mm diameter 

“honeycomb” phantom with 1.4 mm pores is shown for comparison.  c)  A close-

up view of selected pores in the center region of the phantom is shown to verify 

the accuracy of the image. 

 

Figure 5.  Comparison of remote and direct void-space images of “CAL” and 

“honeycomb”  phantom.  a)  The direct image of the “CAL” phantom was 

acquired by the less sensitive encoding coil.  b)  The direct image of the 

“honeycomb” phantom was acquired in the same encoding coil.  c)  The 

remotely-detected image of the “CAL” phantom, comprised of 10 batches of 

encoded Xe-129, was detected more sensitively than the direct image with a 

smaller coil.  d)  The “honeycomb” phantom was reconstructed under the same 

conditions as the image in Fig. 5c, also using 10 batches of gas to ensure the 

detection of all encoded Xe-129 gas.   
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