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129

Xe magnetic resonance imaging (MRI), the

of lung morphometry at the alveolar level, whereas the chemical shift saturation recovery (CSSR)
technique can evaluate the gas exchange function of the lungs. To date, the two techniques have
only been performed during separate breaths. However, the request for multiple breaths
increases the cost and scanning time, limiting clinical application. Moreover, acquisition during
separate breath‐holds will increase the measurement error, because of the inconsistent physiological status of the lungs. Here, we present a new method, referred to as diffusion‐weighted
chemical shift saturation recovery (DWCSSR), in order to perform both DWI and CSSR within a
single breath‐hold. Compared with sequential single‐breath schemes (namely the ‘CSSR + DWI’
scheme and the ‘DWI + CSSR’ scheme), the DWCSSR scheme is able to significantly shorten
the breath‐hold time, as well as to obtain high signal‐to‐noise ratio (SNR) signals in both DWI
and CSSR data. This scheme enables comprehensive information on lung morphometry and func-

Funding information
National Natural Science Foundation of China,
Grant/Award Number: 81227902 and
81625011; National Program for Support of
Top‐notch Young Professionals; Opening Project of Wuhan National High Magnetic Field
Center, Grant/Award Number: 2015KF09

1

|

tion to be obtained within a single breath‐hold. In vivo experimental results demonstrate that
DWCSSR has great potential for the evaluation and diagnosis of pulmonary diseases.
KEY W ORDS

CSSR, DWCSSR, DWI, hyperpolarized, lung, xenon‐129

I N T RO D U CT I O N

Pulmonary function tests (PFTs), chest X‐rays and computed tomography (CT) are the most widely used clinical techniques for pulmonary disease
diagnosis. However, PFTs cannot visualize and quantify lung microstructural parameters, and chest X‐rays and CT are limited by ionizing radiation.
In contrast, hyperpolarized (HP) noble gases (3He,

129

Xe) nuclear magnetic resonance (NMR) and magnetic resonance imaging (MRI) have been

proven to be powerful non‐invasive tools for the quantitative detection of both lung microstructure1-3 and function.4-6 In comparison with 3He,
129

of

Xe has higher natural abundance and lower cost. Recent studies have also shown improvement in 129Xe spin polarization,7-9 allowing the images

129

Xe to be of comparable quality to those of 3He.10 Meanwhile, 129Xe has good solubility in tissues and blood,11 making the assessment of gas

exchange possible. As a result of these properties, 129Xe has become more attractive for in vivo functional studies of the lungs.
In HP 129Xe studies, the gas exchange function of the lungs has commonly been assessed by direct dissolved 129Xe imaging,12,13 xenon polarization transfer contrast (XTC)14,15 and chemical shift saturation recovery (CSSR)16,17 techniques. The direct dissolved
imaging both the dissolved

129

Xe signals [i.e.

129

Xe imaging technique,

129

Xe dissolved in tissue and plasma (TP) and in red blood cells (RBCs)] and the gaseous 129Xe signals

Abbreviations used: ADC, apparent diffusion coefficient; CAS, Chinese Academy of Sciences; COPD, chronic obstructive pulmonary disease; CSSR, chemical shift
saturation recovery; CT, computed tomography; DKI, diffusional kurtosis imaging; DWCSSR, diffusion‐weighted chemical shift saturation recovery; DWI, diffusion‐
weighted imaging; FID, free induction decay; Hct, blood hematocrit; HP, hyperpolarized; MOXE, model of xenon exchange; MRI, magnetic resonance imaging;
NMR, nuclear magnetic resonance; PFTs, pulmonary function tests; RBC, red blood cell; RF, radiofrequency; SAR, specific absorption ratio; SNR, signal‐to‐noise
ratio; SVR, surface‐to‐volume ratio; TP, tissue and plasma; WIPM, Wuhan Institute of Physics and Mathematics; XTC, xenon polarization transfer contrast
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simultaneously, provides visual dissolved
saturation of dissolved

129

129

Xe maps directly. The XTC technique, measuring the decrease in the gaseous

Xe signals, generates the dissolved

129

129
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Xe signal after

Xe maps indirectly. The CSSR technique, measuring the time‐dependent build‐up

of dissolved 129Xe signals after saturation, observes the average gas exchange functions of the entire lung. Among these techniques, CSSR has a
unique advantage in that it can obtain dynamic information on the dissolved

129

Xe signals in both TP and RBCs. Meanwhile, combined with gas

exchange models, such as the Patz model,18 the Månsson model16 and the model of xenon exchange (MOXE),19 the gas exchange function
parameters, including the capillary transit time (tx), septal thickness (d), surface‐to‐volume ratio (SVR), etc., can be extracted from CSSR data.
Therefore, CSSR has been widely used in both animal and human studies for the detection of pulmonary diseases, such as chronic obstructive
pulmonary disease (COPD),18,20 idiopathic pulmonary fibrosis,4 interstitial lung disease18 and radiation‐induced lung injury.21,22
On the other hand, diffusion information on 129Xe gas in lung airspaces, which is commonly observed by the diffusion‐weighted imaging (DWI)
technique, could provide valuable information on the lung microstructure at the alveolar level. To date, 129Xe DWI has been widely applied for the
detection of pulmonary diseases, such as COPD23,24 and emphysema,25,26 in both animal and human studies. DWI with two b values (commonly
referred to as zero b value and non‐zero b value)25,27 has been proposed to extract the apparent diffusion coefficient (ADC) of 129Xe gas, which
is an index for the assessment of alveolar enlargement in subjects with COPD. The
28

and Yablonskiy et al.,

129

Xe lung morphometry method, developed by Sukstanskii

which is based on DWI with multiple b values, could further visualize and quantify the lung morphological parameters, such

as the external radius (R) and internal radius (r) of the pulmonary acinus, mean linear intercept (Lm), etc.
Lung can be viewed as consisting of two major structures: the acinar airways (ducts and sacs) and blood capillary circuits. The microstructure of
the former can be assessed by the

129

Xe DWI technique, whereas the microstructure of the latter, as well as the gas exchange function, can be

explored by the CSSR technique. Thus, a combination of DWI and CSSR can provide comprehensive information with regard to both the lung
microstructure and gas exchange function, despite the fact that CSSR measures the average parameters of the entire lung, whereas DWI measures
the regional diffusivity. However, to our knowledge, these two techniques have only been performed together during different breath‐holds,22
which limits their practicability and efficiency. Acquisition during separate breath‐holds also increases the measurement error and cost. Sequential
schemes (i.e. performing DWI after CSSR, or CSSR after DWI) are feasible for performing both CSSR and DWI within a single breath‐hold, although
they have not been proposed previously. However, the breath‐hold times of sequential single‐breath schemes would be quite long. In addition,
because of the longitudinal relaxation and radiofrequency (RF) excitations of 129Xe gas, the DWI data during the sequential ‘CSSR + DWI’ scheme,
as well as the CSSR data during the sequential ‘DWI + CSSR’ scheme, would be limited by low signal‐to‐noise ratio (SNR). However, the post‐
processing of both DWI and CSSR data requires a high SNR.
In this study, we propose a new method to accelerate the performance of both CSSR and DWI within a single breath‐hold. The so‐called
diffusion‐weighted chemical shift saturation recovery (DWCSSR) method can be performed within a short breath‐hold, and is able to achieve high
SNR signals for both CSSR and DWI measurements. We compared DWCSSR with the two sequential single‐breath schemes (i.e. ‘CSSR + DWI’
scheme and ‘DWI + CSSR’ scheme) during in vivo experiments. Both the gas exchange function and microstructure of the lungs can be explored
by DWCSSR during a single scan.
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2.1

T HE O R Y
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Pulse sequence

Traditional single‐breath CSSR and DWI sequences are shown in Figure 1a and 1b, respectively. In CSSR, both RF pulses α1 and α2 are used to
excite the dissolved

129

considerable gaseous

FIGURE 1

Xe signals. α1 is intended to yield a minimal on‐resonance excitation of gaseous

Xe, whereas α2 is applied to yield a

129

129

Xe signal for normalization. The exchange times (τ) are varied from 0 to 900 ms,19,20 whereas TR of DWI is less than

Pulse sequences of traditional chemical shift saturation recovery (CSSR) A, traditional diffusion‐weighted imaging (DWI) B, and
diffusion‐weighted chemical shift saturation recovery (DWCSSR) C. The essence of DWCSSR is the performance of DWI repetitions during the
exchange time (τ) of CSSR
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20 ms in most cases. Therefore, DWI repetitions can be performed during the exchange times of CSSR, in order to accelerate the acquisitions of
both CSSR and DWI. This acquisition scheme is referred to as DWCSSR, as shown in Figure 1c. In DWCSSR, exchange times are mostly utilized to
perform DWI, whereas only a small residual time (t) remains. If the total DWI repetitions cannot be finished within the entire exchange times, the
remaining DWI repetitions (denoted as h) are performed after the entire m repetitions of CSSR.
Parameters n, t and h in Figure 1c are estimated according to the equations below. Assuming that TR of DWI (i.e. minimum duration between
two sequential excitations of α3) is TRDW, the entire repetition number of CSSR is m and the varied exchange times of CSSR are τk, the maximum
number (fk) for performing DWI within each exchange time τk is:

f k ¼ Q⋅


τk −λ
; τk ≥λ; k ¼ 1; 2; …; m
Q⋅TRDW

(1)

where λ is the total duration of both the RF pulses and spoiled gradients within the exchange times, operator ⌊⌋ means getting the maximum
non‐negative integer which is smaller than that inside the brackets, and Q is a factor referring to the number of slices (NS) of DWI. Q is equal to
optional positive integer in the non‐slice selection DWI case. In the multi‐slice DWI case, Q should be an integral ratio of NS, in order to keep
the same CSSR exchange conditions for different slices. Assuming that the entire repetition number of DWI is ε and
ε ¼ a∙Ny ∙NS ∙Nb

(2)

where a is the under‐sampling ratio, Ny is the size of the DW images along the phase‐encoding direction and Nb is the number of b values. Combined with Equations 1 and 2, the actual number nk for performing DWI within the exchange time τk is:
8
k
>
< f k ; ∑i¼1 f k ≤ε
k−1
nk ¼ ε−∑i¼1 f k ; ∑ki¼1 f k > ε&∑ki¼1 f k −f k <ε
>
:
0; else

; k ¼ 1; 2; …; m

(3)

The residual time (t) within each exchange time τk is:
tk ¼ τk −λ−nk ⋅TRDW ; τk ≥λ; k ¼ 1; 2; …; m

(4)

The number (h) of the remaining DWI repetitions is:

h¼

m
ε−∑m
k¼1 f k ; ∑k¼1 f k ≤ε

0; else

; k ¼ 1; 2; …; m

(5)

In general, if we know the exchange time (τ) of CSSR, the entire repetition number (m) of CSSR, the TR of DWI (TRDW) and the entire repetition
number (ε) of DWI, the parameters n, t and h can be obtained from Equations 3–5.

2.2

|

Effects on CSSR data during DWCSSR

In traditional single‐breath CSSR, the gaseous
relaxation and gas exchange of gaseous

129

Xe.

129

Xe longitudinal magnetization (denoted as Sgas) is reduced over time as a result of both T1

16

In DWCSSR, the α3 excitations contribute to extra reductions of Sgas. The Sgas after a certain

exchange time τk can be simply expressed as:


nk
τk
∙½1−Fðτk Þ∙ð cos α3 ÞNs
Sgas ðτk Þ∝S0 ∙ exp −
T1

(6)

 
nk
where S0 is the gaseous 129Xe magnetization at the beginning point of τk; exp − Tτk1 , [1−F(τk)] and ð cos α3 ÞNs are related to T1 relaxation, the gas
exchange fraction F(τk) and the extra α3 excitations, respectively. During short exchange times (i.e. τk < Q∙TRDW), the number of α3 excitations is
zero (i.e. nk =0), so that Sgas in DWCSSR is the same as that in traditional CSSR. During medium exchange times (i.e. τk slightly larger than Q∙TRDW),
the loss of Sgas in DWCSSR is not significant because of the small nk values. However, during long exchange times (i.e. τk >> Q∙TRDW), the loss of
Sgas will be more significant because of the relatively larger nk values. However, according to previous HP 129Xe DWI studies,23,24 the flip angle α3 is
commonly around a small value of 5°, so as to reduce the bias of initial gaseous
number of whole lung α3 excitations

(Nnks)

129

Xe magnetizations among different b values. In addition, the

can be reduced by increasing NS. In a simulation case of TRDW = 13 ms, α3 = 5.5°, T1 = 15 s and τk = 900 ms,

as shown in Figure 2a, the decay of Sgas is significantly slowed down as NS increases. Moreover, during the case of NS = 5, the total number of
whole lung α3 excitations is only 18, and the extra loss of gaseous

129

Xe magnetization as a result of α3 excitations is only 8%. Even during the

same case of traditional CSSR, the loss of Sgas is close to 8%. Therefore, in theory, a small flip angle α3 and a small number of whole lung α3
excitations will not yield significant loss of Sgas in multi‐slice DWCSSR. Moreover, according to Patz et al.,18 the dissolved
function is an intensive quantity, depending only on the ratio of dissolved

129

Xe magnetization to gaseous

129

129

Xe build‐up

Xe magnetization. Thus, by
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Simulation results of diffusion‐weighted chemical shift saturation recovery (DWCSSR). A, gaseous 129Xe magnetization Sgas during
different time points within a 900 ms exchange time, which is simulated based on equation 6. The decay of Sgas in DWCSSR is quicker than
that in traditional chemical shift saturation recovery (CSSR) because of the measurement of DWI during the exchange times. It should be noted that
the increase in the number of slices (NS) can significantly slow down the decay of Sgas. B, simulated RCSSR (ratios of SNRCSSR in DWCSSR to SNRCSSR
in traditional CSSR) values based on equation 7. It should be noted that the RCSSR values increase with increasing NS and Q. C, simulated RDWI
(black) and total breath‐hold times (blue). It should be noted that RDWI decreases with increasing Q. SNR, signal‐to‐noise ratio
FIGURE 2

calculating the ratio of dissolved

129

Xe magnetization to gaseous

129

Xe magnetization, the extra loss of magnetization during DWCSSR can be

compensated for.

2.3

|

SNR effects of DWCSSR

In single‐breath DWCSSR, SNR of CSSR data during the last few exchange times will be reduced by the extra α3 excitations. Compared with
nk

traditional CSSR, the extra reduction of Sgas during DWCSSR is referred to as ð cos α3 ÞNs , according to Equation 6. Thus, the ratios of SNRCSSR
(SNR of CSSR) in DWCSSR to those in traditional CSSR during each exchange time τk will be:
∑k ni
i¼1
Ns

RCSSR ðτk Þ ¼ ð cos α3 Þ

; k ¼ 1; 2; …; m

(7)

where ni is related to Q. The simulation result shown in Figure 2b indicates that RCSSR increases with increasing NS and Q (here the simulation
parameters were TRDW = 13 ms, Ny = 48, Nb = 5, a = 1, α3 = 5.5°, m = 24 and τ = 2–400 ms).
On the other hand, compared with the sequential ‘DWI + CSSR’ scheme, the diffusion measurement in DWCSSR is delayed. During the delay
time, Sgas will be reduced as a result of both T1 relaxation and gas exchange. For the centric phase‐encoding DWI case, the SNR of DW images is
proportional to Sgas during the first α3 excitation. Thus, assuming that the first α3 excitation is performed during the exchange time τc+1 (i.e. τc+1 ≥Q∙
TRDW and τc < Q∙TRDW), the ratio of SNRDWI (SNR of DW images) in DWCSSR to that in the ‘DWI + CSSR’ scheme will be:
RDWI ¼ exp −

∑ck¼1 τk þ c∙TRCSSR
∙∏ck¼1 ½1−F ðτk Þ
T1

(8)

where TRCSSR is the TR of CSSR (duration between two sequential excitations of α1 when the exchange time is zero) and ∑ck¼1 τk þ c∙TRCSSR is the
delay time.
According to Equations 7 and 8, various experimental parameters (such as NS, Q and T1) can affect the RCSSR and RDWI values. CSSR obtains
NMR spectra, whereas DWI acquires two‐dimensional images. Moreover, the total breath‐hold time of DWCSSR is also affected by the
experimental parameters, as shown in Figure 2c. Thus, it is hard to extract optimal parameters to preserve both SNRDWI and SNRCSSR. However,
in order to preserve large RCSSR values, an increase in NS, as shown in Figure 2b, is beneficial. In addition, during certain NS cases, a trade‐off
between SNRCSSR and SNRDWI can be realized by modulating the Q value. RCSSR(τk) is proportional to Q, whereas RDWI is inversely proportional
to Q, as shown in Figure 2b and 2c. However, when considering that CSSR measures the average signals of the entire lung, whereas DWI measures
signals of a single slice, it would be more rational to preserve a high SNRDWI. Thus, in most cases, setting Q = NS will be beneficial.

3
3.1

METHODS

|

|

Experiments

In vivo studies were conducted on five Sprague–Dawley rats weighing 225 ± 26 g. Animal experiments were carried out in accordance with the
guidelines provided and approved by the Institutional Review Board of Wuhan Institute of Physics and Mathematics (WIPM), Chinese Academy
of Sciences (CAS). Rats were anesthetized with 5% isoflurane and maintained under 2.5% isoflurane. The animals were intubated with a 14G
endotracheal tube tied to the trachea.

ZHONG
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All the MR experiments were performed on a 7‐T animal MRI scanner (Bruker BioSpec 70/20 USR, Germany) using a horizontal magnet
equipped with a maximum gradient strength of 444.75 mT/m and Paravision 5.0 software. A home‐built, eight‐leg, rigid, transmit–receive birdcage
coil (129Xe at 83.072 MHz) was used, and connected to an RF amplifier with a maximum transmitter power of 625 W. A transmitter gain of −6.0 dB
is roughly 625 W. If the transmitter gain increased by 6.02 dB, the transmitter power halved (e.g. 0.02 dB is roughly 312.5 W). Enriched xenon gas
(86%) was polarized using a home‐built, continuous‐flow polarizer to a level of ~20%. After thawing from frozen‐collection, HP xenon gases were
collected in a Tedlar bag, and successively passed into the lung using a home‐built ventilator. Breathing sequences were the same as those
described previously,29 with a single xenon gas pre‐wash.
DWCSSR, ‘CSSR + DWI’ and ‘DWI + CSSR’ were each repeated twice with and without slice selection during a single measurement, and six
measurements were performed. For rat 1, DWI was operated without any diffusion‐weighted gradient, phase‐encoding gradient or read‐out
gradient, so as to observe the available gaseous 129Xe magnetizations during each excitation. Both the flip angles and T1 of 129Xe gas in the lungs
were calibrated by a single‐breath method.29 All RF pulses were based on a specially designed shape, as shown in Figure 3a.
The CSSR parameters were as follows: entire repetition number m = 24; TRCSSR = 17.8 ms; exchange time τ varied from 2 to 400 ms21; all NMR
spectra were acquired with a bandwidth of 29.76 kHz and 256 sampling points. α1 and α2 were centered at 204.5 ppm (by defining the gaseous
129

Xe signal as 0 ppm). The duration and transmitter gain of α1 were 0.5 ms and −3.0 ± 0.4 dB, respectively, whereas those of α2 were 0.43 ms

and −4.3 ± 0.3 dB, respectively. The flip angles on the gaseous

129

Xe signal of both α1 and α2 were calculated by sequential on‐resonance

excitations of 204.5 ppm and 0 ppm. For different rats, the flip angles on the gaseous 129Xe signal of α1 were varied from 0.1° to 0.4°, and those
of α2 were varied from 0.9° to 1.4°. The excitation bandwidths of RF pulses α1 and α2 were equal to 14.04 and 16.33 kHz, respectively. Therefore,
the RF pulses α1 and α2 can provide coordinated excitations of both dissolved 129Xe signals in TP and RBCs.
In both the non‐slice selection and multi‐slice cases, the DWI parameters were as follows: matrix, 48 × 48; field of view, 6 × 6 cm2; gradient
echoes were acquired with a bandwidth of 29.76 kHz; echo position, 30%; centric encoding; rise and fall time, 0.123 ms; constant time, 1.0 ms;
diffusion time Δ = 1.3 ms; under‐sampling ratio a = 1. B values were derived from the integral of the gradient waveform as described previously.28
α3 was centered at 0 ppm. The duration and flip angle of α3 were 0.5 ms and 5.5°, respectively. In the non‐slice selection case, the DWI parameters
were as follows: TRDW = 14.4 ms; TE = 3.4 ms; ordinal b values, 0, 12, 24, 36 and 48 s/cm2; minimum DWI repetition number Q = NS. In the
multi‐slice case, the DWI parameters were as follows: TRDW/TE = 15.3/4.2 ms; ordinal b values, 0, 12 and 36 s/cm2; number of slices NS = 2; slice
thickness, 20 mm; Q = NS. Figure 3b displays the sampling order of DW images in multi‐slice DWCSSR. The DWI repetitions of slice 1 to slice 2 with
the same b value and phase encoding were performed during the same exchange times, in order to provide the same CSSR exchange conditions.

3.2

|

Data analysis

All of the MR data were processed in MatLab (MathWorks, Natick, MA, USA).

FIGURE 3 A, specially‐designed shape of
pulse used in experiments, which can provide
nice slice selection property, as well as minimal
on‐resonance excitation of dissolved 129Xe
during the excitations of gaseous 129Xe. Inset
figure displays the time domain of this
truncated‐sinc shape pulse, which consists of
5 side lobes, a half central lobe and a linear
drop. The black arrow in the frequency domain
indicates the position of dissolved 129Xe
during the excitations of gaseous 129Xe. B,
sampling order of DWI during the multi‐slices
DWCSSR case
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NMR free induction decay (FIDs) were transformed to the complex Lorentzian by one‐dimensional Fourier transform and phase correction.
The integrals of the absorption Lorentzian were considered as the actual acquired signal intensities. Integral intervals were −6 ppm to 6 ppm for
the gaseous signal, 220 ppm to 203 ppm for the RBC signal and 203 ppm to 180 ppm for the TP signal. When calculating SRBC/Sgas and STP/Sgas,
the Sgas values were calculated using an average of the measurements from both the current and prior α2 pulses to reduce the bias caused by the
magnetization decay. Then, MOXE was fitted to CSSR data using a non‐linear least‐squares algorithm. The fitting equations and constant
parameters were the same as those in Equations 1–5 and values described in a previous study,21 respectively. After fitting, the gas exchange
function parameters of the lungs were acquired, including the fraction of RBC xenon in blood (η), the barrier‐to‐septum ratio (δ/d), the gas exchange
time constant (T), the pulmonary capillary transit time (tx), the septal wall thickness (d), the thickness of the air–blood barrier (δ), SVR and the blood
hematocrit (Hct), etc.
For DWI data, echoes were rearranged into k spaces based on the sampling order shown in Figure 3b. Then, k‐space data were transformed to

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
images by two‐dimensional Fourier transform. Pixel SNRs of magnitude images were calculated by SNRðAÞ ¼ IðAÞ= σM = 2−π=2 ,30 where I(A) is
the intensity of pixel A and σM is the standard deviation of noise inside the corner of the magnitude image. After thresholding the image with
SNR > 3, the mean SNR was calculated by averaging pixel SNRs inside the region of the entire lungs. A mean filtering operation was applied prior
to further processing. All lung morphological parameters were obtained by fitting an anisotropic diffusion model to DW images, using a non‐linear
least‐squares algorithm on a pixel‐by‐pixel basis. Fitting equations were the same as those (equations 2, 3, 5, 6 and 14) described previously.28 The
variable D031 of diluted

129

Xe in the lungs was in the range 0.059–0.14 cm2/s.24 In each image, pixels of SNR < 3 were removed during fitting,

because SNR = 3 has been suggested as a minimum SNR in DWI analysis.32

4

|

RESULTS

Figure 4 displays the measured gaseous

129

Xe signals during the corresponding ‘CSSR + DWI’, ‘DWI + CSSR’ and DWCSSR schemes. In the

non‐slice selection case, both the ‘CSSR + DWI’ and ‘DWI + CSSR’ schemes required a breath‐hold time of approximately 6.3 s, whereas DWCSSR
only required a breath‐hold time of approximately 4 s. The total acquisition time was reduced by 35%. Meanwhile, the gaseous

129

Xe signals of

both DWI and CSSR by the DWCSSR scheme were relatively high compared with those of the other two schemes. The CSSR signals by the
‘DWI + CSSR’ scheme were only ~25% of those by DWCSSR. In the multi‐slice case, which is not shown in the figure, both the breath‐hold time
shortening (reduced from 7.2 to 5.2 s by DWCSSR) and high gaseous 129Xe signals were seen.
The representative dynamics of dissolved

129

Xe and gaseous

129

Xe signals during CSSR acquisitions are shown in Figure 5a–c.

Quantitative SRBC, STP and Sgas values are shown in Figure 5b–f, respectively. The amplitudes of both dissolved

129

Xe and gaseous

129

Xe

signals in DWCSSR schemes are smaller than those in the ‘CSSR + DWI’ scheme during long exchange times, owing to the extra RF
excitations of gaseous

129

Xe. However, during short exchange times, the signals in DWCSSR are the same as those in ‘CSSR + DWI’. These

measured SRBC, STP and Sgas values fit very well with the predicted values, which were calculated according to Equation 7. Figure 5g
displays the decays of Sgas values within the 400 ms exchange time, which were calculated by dividing the current Sgas(τk) values by the

Diagrams of the sequential ‘CSSR + DWI’ scheme A, sequential ‘DWI + CSSR’ scheme B and diffusion‐weighted chemical shift
saturation recovery (DWCSSR) scheme C, and the corresponding measured gaseous 129Xe signals of chemical shift saturation recovery (CSSR)
(red) and diffusion‐weighted imaging (DWI) (blue). Here, the gaseous 129Xe signals were acquired without any diffusion‐weighted gradient, phase‐
encoding gradient or read‐out gradient. It should be noted that the total breath‐hold time needed for DWCSSR is shortened from 6.3 to 4 s, and the
gaseous 129Xe signals of both CSSR and DWI are relatively higher in DWCSSR

FIGURE 4

ZHONG
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Representative dynamics of the dissolved 129Xe and gaseous 129Xe signals during chemical shift saturation recovery (CSSR) acquisitions
by ‘CSSR + DWI’ A, multi‐slice (NS = 2) diffusion‐weighted chemical shift saturation recovery (DWCSSR) B and non‐slice selection (NS = 1)
DWCSSR C. D–G quantitative SRBC, STP, Sgas and Sgas(τk)/Sgas(τk – 1) values (points and error bars) and the corresponding theoretical predicted values
(dotted lines). It should be noted that the measured values fit well with the predicted values. Points and error bars represent mean values and
standard deviations in six measurements, respectively. DWI, diffusion‐weighted imaging; RBC, red blood cell; TP, tissue and plasma

FIGURE 5

prior Sgas(τk

– 1)

values. The maximum losses of Sgas within the 400 ms exchange time are around 23%, 17% and 8% for non‐slice selection

(NS = 1) DWCSSR, multi‐slice (NS = 2) DWCSSR and ‘CSSR + DWI’ cases, respectively. Decays of Sgas values also fit well with the
predicted values, which were calculated according to Equation 6. Among Figure 5b–g, the decay rates of signals during NS = 2 DWCSSR
are significantly slower than those during NS = 1 DWCSSR.
CSSR build‐up curves of the DWCSSR scheme are slightly smaller than those of the ‘CSSR + DWI’ scheme, in both the non‐slice selection and
multi‐slice case, as shown in Figure 6a and 6b, respectively. However, the gas exchange function parameters of DWCSSR are very close to those of
‘CSSR + DWI’ among all three representative rats, as shown in Figure 6c–e.
Figure 7 displays representative SNR maps of b = 0 DW images during ‘CSSR + DWI’, ‘DWI + CSSR’ and DWCSSR schemes. The b = 0 DW
images of the DWCSSR scheme maintain a high SNR in comparison with those of ‘CSSR + DWI’ and ‘DWI + CSSR’ schemes, in both the non‐slice
selection case and multi‐slice case. In the non‐slice selection case, the quantitative SNR (15.5 ± 10.5) of the b = 0 DW image by the DWCSSR
scheme shows a 125% increase compared with that (6.9 ± 4.7) of the ‘CSSR + DWI’ scheme, and is only 20% lower than that (18.7 ± 13.8) of
the ‘DWI + CSSR’ scheme. Meanwhile, in the multi‐slice case, SNR maps of the DWCSSR scheme are also comparable with those of the
‘DWI + CSSR’ scheme in both slices.
Figure 8 shows representative lung morphometry and diffusion coefficient maps obtained by non‐slice selection DWI experimental data,
where the DL and DT values are based on b = 48 s/cm2. Quantitative mean values of these parameters are displayed in Figure 9. Among
the displayed results of two representative rats, the R, r and DT values of the DWCSSR scheme are very close to those of the ‘DWI + CSSR’
scheme, whereas the Lm, DL and D0 values of the DWCSSR scheme are slightly increased. The ‘CSSR + DWI’ results are also close to those
of the ‘DWI + CSSR’ scheme. However, as shown in Figure 8, the pixel numbers of the lung morphometry maps by the ‘CSSR + DWI’
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FIGURE 6 Representative chemical shift saturation recovery (CSSR) build‐up curves in the non‐slice selection case A and multi‐slice case B. Full
lines represent fitted curves of the model of xenon exchange (MOXE). C–E, gas exchange functional parameters of the lungs obtained by fitting
MOXE to the corresponding CSSR data in three representative rats. For each parameter, the three bars of one color show the corresponding values
of rats 1, 2 and 3 from left to right, respectively. It should be noted that the parameters measured by diffusion‐weighted chemical shift saturation
recovery (DWCSSR) are very close to those measured by ‘CSSR + DWI’. DWI, diffusion‐weighted imaging; Hct, hematocrit; RBC, red blood cell; TP,
tissue and plasma

FIGURE 7 Signal‐to‐noise ratio (SNR) maps of b = 0 diffusion‐weighted (DW) images in the non‐slice selection case A, and multi‐slice case B.
Quantitative values of mean SNR and standard deviation are shown below the corresponding maps in A. Maps were averaged from six
measurements and zero‐filled to 96 × 96. CSSR, chemical shift saturation recovery; DWI, diffusion‐weighted imaging; DWCSSR, diffusion‐
weighted chemical shift saturation recovery

scheme are significantly reduced compared with those of the other two schemes. Thus, the DWI results of the ‘CSSR + DWI’ scheme
cannot indicate the actual values of the whole lungs. In comparison, the lung morphometry and diffusion coefficient maps of the DWCSSR
scheme are quite similar to those of the ‘DWI + CSSR’ scheme.
Table 1 shows the measured SVR values of all rats. The SVR measured by DWI (~400 cm−1) is approximately 2.5‐fold that measured by CSSR
(~160 cm−1). Moreover, the results for the DWCSSR scheme are close to those of the sequential schemes, among all rats.
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FIGURE 8

Representative lung morphological maps (R, r, Lm) and diffusion coefficient maps (DL, DT, D0) based on non‐linear fitting of non‐slice
selection multiple b‐value diffusion‐weighted imaging (DWI). It should be noted that the maps of the diffusion‐weighted chemical shift
saturation recovery (DWCSSR) scheme are similar to those of the ‘DWI + CSSR’ scheme. CSSR, chemical shift saturation recovery

FIGURE 9

Representative gas diffusion function parameters of rat 2 A,B and rat 3 C,D. For each parameter, the three bars of one color show the
corresponding values of the non‐slice selection case, slice 1 and slice 2 from left to right, respectively. It should be noted that the values of the
diffusion‐weighted chemical shift saturation recovery (DWCSSR) scheme are close to those of the ‘DWI + CSSR’ scheme. CSSR, chemical shift
saturation recovery; DWI, diffusion‐weighted imaging

TABLE 1

Comparison of the calculated surface‐to‐volume ratios (SVRs) (cm−1) by CSSR and DWIa
Rat 1

Rat 2

Rat 3

Rat 4

Rat 5

CSSR

CSSR + DWI
DWCSSR

177.6 ± 5.7
172.0 ± 7.2

137.8 ± 6.0
134.1 ± 2.8

163.0 ± 4.0
151.9 ± 0.8

184.8 ± 2.4
183.2 ± 3.2

159.4 ± 7.5
154.9 ± 9.9

DWI

CSSR + DWI
DWCSSR
DWI + CSSR

–
–
–

399.8 ± 19.1
388.6 ± 9.5
421.9 ± 9.8

416.9 ± 9.6
370.4 ± 4.4
400.9 ± 9.8

481.2 ± 23.9
423.5 ± 15.6
448.2 ± 13.8

396.7 ± 17.6
395.6 ± 21.1
423.8 ± 11.2

CSSR, chemical shift saturation recovery; DWI, diffusion‐weighted imaging; DWCSSR, diffusion‐weighted chemical shift saturation recovery.
a

DWI results of rat 1 are not shown because the acquisition data for rat 1 are nuclear magnetic resonance (NMR) spectra.
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DISCUSSION

The clinical application of HP gas MRI needs to consider its practicability, cost and efficiency. Compared with 3He MRI, 129Xe MRI has a lower cost.
However, most of the 129Xe MR techniques are performed during different breath‐holds. Only a few studies,13,15,33,34 have focused on accelerating
sampling during shorter single breath‐holds. CSSR and DWI are both powerful techniques in pulmonary function detection, and have been applied
to various pulmonary disease studies. The DWCSSR method proposed in this study, combining these two techniques, accelerates the acquisition of
both DWI and CSSR data. Two advantages of the DWCSSR method, i.e. reducing the breath‐hold time whilst maintaining high SNR for both DWI
and CSSR data, make it efficient and practical. Our experimental results indicate that the sequential single breath‐hold schemes are both suboptimal
compared with DWCSSR.
Moreover, after the acquisition of DWI and CSSR data, various pulmonary function parameters can be obtained. In this study, we fitted MOXE
to CSSR data, and the Weibel model to DWI data. Thus, both gas exchange function parameters and gas diffusion function parameters were
obtained. Indeed, CSSR data could also be combined with the Patz model and Månsson model, whereas the DWI data could be combined with
the diffusional kurtosis imaging (DKI) model35 or stretched exponential model.36 In general, the DWCSSR method can be combined with various
post‐processing paths.
The essence of this study is the performance of other techniques during the exchange times of CSSR. In theory, in addition to the DWI
sequence, a two‐ or three‐dimensional spoiled gradient echo sequence can also be performed during the exchange times of CSSR, so that both
ventilation maps of lung and CSSR data can be acquired within a shortened breath‐hold. This study proposes this accelerating idea and verifies
its feasibility. Further acquisition schemes can be proposed based on this idea.
However, influences on DWI and CSSR data should be discussed during the DWCSSR scheme. In the theoretical part, we speculate that the
SNRs and decay rate of gaseous

129

Xe longitudinal magnetization during DWCSSR could be slowed down by increasing the number of slices NS.

This is supported by the experimental results in Figure 5. The well‐fitted curves between the measured CSSR signals and the predicted values in
Figure 5 also verify the validity of Equations 6 and 7. In both the non‐slice selection and multi‐slice cases, the measured CSSR build‐up curves
and gas exchange functional parameters (Figure 6) of DWCSSR are quite close to those of traditional CSSR. As MOXE is robust against moderate
noise,19 the almost 50% reduced SNR during the long exchange times of DWCSSR (see Figure 2b) would not have a significant influence on the
measurement of gas exchange. These results also indicate that it is important to normalize the dissolved

129

Xe signals. Moreover, we applied a

specially designed chemical shift selected pulse in order to gain minimal on‐resonance excitation of dissolved
The flip angle of on‐resonance excitation of dissolved

129

129

Xe during the excitation of α3.

Xe was only ~0.02°, whereas α3 = 5.5°. This slight excitation of dissolved 129Xe can be

neglected. Meanwhile, DWI repetitions of different slices were performed during the same exchange times, and the slice distance of DW images
was zero. Thus, the excitations of gaseous

129

Xe during the exchange times can be considered as homogeneous. Therefore, in our experimental

results, CSSR data of DWCSSR remain quite close to those in the traditional CSSR sequence in both the non‐slice selection and multi‐slice cases.
DWI data are commonly affected by the decay of the gaseous 129Xe signal, which is related to both T1 and the flip angles on the gaseous 129Xe
signal of the RF pulses α1, α2 and α3. In addition, following each saturation of dissolved

129

Xe (i.e. RF pulse α1), there is an extra decay of the

gaseous 129Xe signal related to the gas exchange. In our experiments, the flip angles on the gaseous 129Xe signal of RF pulses α1 and α2 were small
(0.1°–0.3° for RF pulse α1, and 0.8°–1.1° for RF pulse α2), and the total excitation numbers of RF pulses α1 and α2 were only 24. Thus, the
excitations on the gaseous 129Xe signal of RF pulses α1 and α2 can be ignored. The excitations of the RF pulse α3 and longitudinal relaxation also
exist in the traditional DWI scheme. Therefore, compared with the traditional DWI scheme, the maximal influence on DWI data of the DWCSSR
scheme is the decay of the gaseous 129Xe signal related to gas exchange. This effect can explain the slight increased diffusion parameter values of
the DWCSSR scheme in Figure 9. In order to avoid this effect on DWI data, further studies can be focused on the variable flip angle (VFA)
scheme,37 for which it is possible to yield constant signal during DWI excitations of DWCSSR.
In addition, there are three limitations of the DWCSSR method. The first is the need for both good slice selection and excellent selective
excitation properties of the RF pulse. In this study, as a result of the susceptibility difference between the alveolar gas and the pulmonary tissue
in the lungs, T2* of the 129Xe signals at 7 T is quite short (T2* < 3 ms). Thus, in order to improve SNR, we applied a truncated sinc‐shaped pulse.
However, for human studies, T2* of

129

Xe signals can be longer,38 so that a relatively complete sinc‐shaped pulse or binomial composite pulse39

can be applied. The second limitation is that the slice distance should be equal to zero in the multi‐slice case, in order to keep the same exchange
conditions for different slices in CSSR. Thus, cross‐slice excitations cannot be applied in the DWCSSR sequence. The third limitation is the impact
of B1 inhomogeneity of the coil, which might affect the actual value of the flip angle. However, this can be improved by using more homogeneous
transmitter coils, such as a birdcage coil. In this study, the B1 inhomogeneity of the birdcage coil is about 4.6%, which can yield a comparable
uniform excitation.
Although the experiments in this study were performed on small animals, DWCSSR can also be applied to human studies. In simulations, when
setting the CSSR and DWI parameters to those in conventional human studies40-42 (such as TRCSSR = 30 ms, m = 36, τ = 4–900 ms, TRDW = 13 ms,
Nb = 6, Ny = 40, NS = 4, T1 = 15 s, Q = NS, a = 1; gas exchange function parameters the same as in Chang19; flip angles the same as the values in our
experiments), DWCSSR can shorten the breath‐hold time from ~20 s to ~14.5 s compared with ‘CSSR + DWI’ and ‘DWI + CSSR’ schemes.
Meanwhile, the DWI signals of DWCSSR can be increased by close to 100% compared with those of the ‘CSSR + DWI’ scheme, whereas the CSSR
data remain the same. However, application of the DWCSSR method to human studies should consider the specific absorption ratio (SAR), which
depends on different coils.
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It is interesting that the SVR values obtained from the CSSR method (~160 cm−1) are much smaller than those from DWI (~400 cm−1). In
comparison with the SVR values of 698 cm−1 in mice3 and of 200 cm−1 in humans43 by DWI, it is reasonable that the SVR values by DWI in rats
from this study fall in between. However, DWI is image based, whereas CSSR is single voxel based without spatial resolution. Thus, the calculated
SVR in CSSR probably includes regions of the lung with little gas exchange, such as in the upper airways including the trachea, where SVR is a lot
lower. Moreover, in MOXE, tissue is assumed to be sandwiched between airspaces. In reality, there is blood next to the boundaries of the lung that
only sees airspace on one side. Thus, SVR in such boundary region would also be lower (approximately halved). In comparison with CSSR, the
morphometry method has no such problems because the calculations are based on diffusion inside the airspaces. Moreover, in CSSR, SVR is
calculated by SVR ¼ 2b
λd . Thus, the calculation of SVR is strongly dependent on the scaling factor b. In this study, we regard the integrals of the
absorption Lorentzian as the acquired signal intensities, so that scaling factor b values are ~0.015 (see Figure 6c). However, if we regard the peak
amplitudes as the acquired signal intensities, the scaling factor b values would be ~0.005, and result in smaller SVR values (~53 cm−1), which are
close to the rat results obtained previously.21 In Stewart et al.,4 the signal intensities were calculated by integration of the respective NMR peaks
in the magnitude spectra. In this way, the calculated SVR values are ~110 cm−1 in our study. Thus, the accurate calculation of SVR values by CSSR is
somewhat challenging. Fortunately, the measurement of other gas exchange parameters in CSSR is not affected by the calibration of the scaling
factor b.
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C O N CL U S I O N S

We propose a new method, referred to as DWCSSR, to perform 129Xe DWI and CSSR within a single breath‐hold. The essence of DWCSSR is to
perform DWI repetitions within the exchange times of CSSR. DWCSSR is able to shorten the total breath‐hold time when fulfilling both CSSR and
DWI within a single breath‐hold. Meanwhile, high SNR of both CSSR and DWI data can be gained by DWCSSR. We compared DWCSSR with
sequential single breath‐hold schemes (i.e. ‘CSSR + DWI’ and ‘DWI + CSSR’ schemes). The results indicate that DWCSSR is practical and efficient.
Coupled with lung models, such as MOXE and the Weibel model, DWCSSR is able to obtain accurate parameters related to lung morphometry and
gas exchange function. The good practicability of the DWCSSR method indicates that it has great potential for the evaluation and diagnosis of
pulmonary diseases.
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