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SUMMARY: 
Specific ventilation imaging is a functional magnetic resonance imaging technique that allows for quantification of regional specific ventilation in the human lung, using inhaled oxygen as a contrast agent. Here, we present a protocol to collect and analyze specific ventilation imaging data. 

ABSTRACT: 
Specific ventilation imaging (SVI) is a functional magnetic resonance imaging technique capable of quantifying specific ventilation ― the ratio of the fresh gas entering a lung region divided by the region’s end-expiratory volume ― in the human lung, using only inhaled oxygen as a contrast agent. Regional quantification of specific ventilation has the potential to help identify areas of pathologic lung function. Oxygen in solution in tissue shortens the tissue’s longitudinal relaxation time (T1), and thus a change in tissue oxygenation can be detected as a change in T1-weighted signal with an inversion recovery acquired image. Following an abrupt change between two concentrations of inspired oxygen, the rate at which lung tissue within a voxel equilibrates to a new steady-state reflects the rate at which resident gas is being replaced by inhaled gas. This rate is determined by specific ventilation. To elicit this sudden change in oxygenation, subjects alternately breathe 20-breath blocks of air (21% oxygen) and 100% oxygen while in the MRI scanner. A stepwise change in inspired oxygen fraction is achieved through use of a custom three-dimensional (3D)-printed flow bypass system with a manual switch during a short end-expiratory breath hold. To detect the corresponding change in T1, a global inversion pulse followed by a single shot fast spin echo sequence was used to acquire two-dimensional T1-weighted images in a 1.5 T MRI scanner, using an eight-element torso coil. Both single slice and multi-slice imaging are possible, with slightly different imaging parameters. Quantification of specific ventilation is achieved by correlating the time-course of signal intensity for each lung voxel with a library of simulated responses to the air/oxygen stimulus. SVI estimations of specific ventilation heterogeneity have been validated against multiple breath washout and proved to accurately determine the heterogeneity of the specific ventilation distribution.

INTRODUCTION:
The overall goal of specific ventilation imaging (SVI) ― a proton magnetic resonance imaging (MRI) technique that uses oxygen as a contrast agent1 ― is to quantitatively map specific ventilation in the human lung. Specific ventilation is the ratio of fresh gas delivered to a lung region in one breath divided by the end expiratory volume of the same lung region1. In conjunction with measurements of local lung density, specific ventilation can be used to compute regional ventilation2. Measurements of local ventilation and ventilation heterogeneity that are provided by SVI have the potential to enrich the understanding of how the lung functions, both normally and abnormally3,4.

Specific ventilation imaging is an extension of the classical physiology test, multiple breath washout (MBW), a technique first introduced in the 1950s5,6. Both techniques use gas washin/washout to measure heterogeneity of specific ventilation, but SVI provides spatially-localized information while MBW provides only global measures of heterogeneity. In MBW, a mass spectrometer is used to measure the mixed expired concentration of an insoluble gas (nitrogen, helium, sulfur hexafluoride, etc.) over many breaths during a washout of that gas, as depicted in Figure 1. Along with the expired volume per breath during the washout period, this information can be used to compute the overall distribution of specific ventilation in the lung. In SVI, an MRI scanner is used to measure the T1-weighted signal ― which is a surrogate for the amount of oxygen in solution in lung tissue, a direct indicator of local oxygen concentration ― in each lung voxel over many breaths during several washin/washouts of oxygen. In a way that is directly analogous to MBW, this information allows us to compute the specific ventilation of each lung voxel. In other words, the technique performs thousands of parallel MBW-like experiments, one for each voxel, during an SVI experiment. Indeed, the spatial maps of specific ventilation thus produced can be compiled to recover the specific ventilation heterogeneity output of MBW. A validation study7 showed that the two methodologies produced comparable results when performed in series on the same subjects.

Other imaging modalities exist that, like SVI, provide spatial measures of ventilation heterogeneity. Positron emission tomography (PET)8,9, single-photon emission computed tomography (SPECT)10,11, and hyperpolarized gas MRI12,13 techniques have been used to create a substantial body of literature regarding the spatial pattern of ventilation in healthy and abnormal subjects. In general, these techniques have at least one distinct advantage over SVI, in that their signal-to-noise ratio is characteristically higher. However, each technique also has a characteristic disadvantage: PET and SPECT involve exposure to ionizing radiation, and hyperpolarized MRI requires the use of highly specialized hyperpolarized gas and a MR scanner with non-standard multi-nuclei hardware. 

SVI, a proton-MRI technique, typically uses 1.5 Tesla MR hardware with inhaled oxygen as a contrast agent (both elements are readily available in healthcare), making it potentially more generalizable to the clinical environment. SVI leverages the fact that oxygen shortens the longitudinal relaxation time (T1) of lung tissues1, which in turn translates to a change in signal intensity in a T1-weighted image. Thus, changes in the concentration of inspired oxygen induce change in signal intensity of appropriately timed MRI images. The rate of this change following an abrupt change in inspired oxygen concentration, typically air and 100% oxygen, reflects the rate at which resident gas is replaced by the inhaled gas. This replacement rate is determined by specific ventilation. 

As SVI involves no ionizing radiation, it has no contraindications for longitudinal and interventional studies that follow patients over time. Thus, it is ideally suited for studying disease progression or evaluating how individual patients responds to treatment. Due to its relative ease and safe repeatability, specific ventilation imaging is, in general, an ideal technique for those who wish to study large effects and/or a large number of people over time or in several different clinical locations.

Following the original publication describing the technique1, specific ventilation imaging (SVI) has been used in studies focused on the effect of rapid saline infusion, posture, exercise, and bronchoconstriction2-4,14,15. The technique’s ability to estimate whole lung heterogeneity of specific ventilation has been validated using the well-established multiple breath washout test7 and more recently, a regional a cross-validation was performed, by comparing SVI and hyperpolarized gas multiple breath specific ventilation imaging16. This reliable and readily deployable technique, capable of quantitatively mapping specific ventilation in the human lung, has the potential to significantly contribute to early detection and diagnosis of respiratory disease. It also presents new opportunities to quantify regional lung abnormalities and follow changes induced by therapy. These changes in region-specific lung function, which SVI enables us to measure for the first time, have the potential to become biomarkers for assessing the impact of drugs and inhaled therapies, and could be an extremely useful tool in clinical trials.

The purpose of this article is to present the methodology of specific ventilation imaging in detail and in a visual form, thus contributing to the dissemination of the technique to more centers.

PROTOCOL: 

The University of California, San Diego Human Research Protection Program has approved this protocol. 

1. [bookmark: _Hlk3197833]Subject safety and training

1.1. Obtain written, informed consent from the subject. Describe the potential risks presented by exposure to rapidly changing magnetic fields, and the potential discomfort of using facial mask and breathing dry gas.

1.2. Ensure that the subject can safely undergo MR scanning, utilizing the locally approved MRI safety screening questionnaire.

1.3. If the subject is a female of childbearing age, and uncertain of her pregnancy status, ask her to self-administer an over-the-counter pregnancy test. If the subject is pregnant, exclude the subject from the remainder of the study.

1.4. Measure the subject’s weight. Scanner safety parameters that limit the amount of radio frequency (RF) energy delivered to the subject require input of this characteristic. Verify that the subject’s weight is below the maximal weight limit of the MRI table (in this case, 136 kg). 

1.5. Train the subject to breathe in time with the MR scan sequence. Preferably, play an audio recording of a previous scan and instruct the subject to breathe normally and complete a breath every 5 s, using the audio cues from the scanner as guide; breathe along with the subject for the purpose of training.

1.6. Determine the size of the face mask (sizes range from petite to extra-large [XL]) that best fits the subject by measuring the subject’s nose-to-chin dimensions. An appropriately-sized mask will fit comfortably yet will prevent air from leaking in between the mask and the subject’s skin at any point. Try on other sizes if necessary.

1.7. Verify that the subject’s pockets and clothing are free from magnetic-based credit cards and iron-containing metal pieces. If required, have the subject change into the medical gown provided by the MRI facility. 

NOTE: Metal can be hazardous in the MRI environment, and metallic objects such as clips (typically in bras), metal rings (bras and hoodies), metal button or zippers (shirts, sweaters), hair extension and wigs have the potential to create imaging artifacts.

2. Preparation of the MRI environment

2.1. Only allow personnel trained in MRI safety to the standards of the imaging facility to enter the scanner room or assist in performing this experiment.

2.2. Configure the MR scanner for use with a torso coil by connecting the coil to the appropriate connector in the scanner table.

2.3. Prepare the scanner table with sheets, pads, and pillows so that the subject will be comfortable for at least 30 min during imaging.

2.4. Assemble the oxygen delivery system. 

NOTE: A schematic diagram of the tubing is presented in Figure 2. 

2.4.1. Place a two/three-way switching valve within reach of the scanner operator or person performing the SVI experiment. 

2.4.2. Connect either the tank of medical oxygen (outside the scanner room) or the oxygen wall supply (if available) to one inlet of the switching valve using ¼-inch plastic tubing. 

2.4.3. Connect the outlet of the switch valve located in the control room to the 8-m (sufficient length for the scanner) ¼-inch plastic tubing. Feed the tubing through the pass-through, from the control room to the scanner room, and ensure that it will reach the middle of the scanner bore. 

NOTE: The plastic tubing connecting the switching valve outlet to the flow-bypass mask included a step up in diameter in the last 2 m, from ¼ inch to 3/8 inch to ½ inch, in order to decrease the noise produced by air flowing into the flow bypass system. 

2.4.4. Connect the ½ inch end of the tubing to the flow-bypass mask attachment.

2.4.5. Secure the flow-bypass attachment to the face mask that fits the subject.

2.4.6. Set the pressure on the gas tank or wall outlet regulator to a value that produces a flow of oxygen greater than the expected peak inspiratory flow. The pressure needed depends on the nature of the study (rest, exercise, etc.) and the overall resistance of the gas delivery system (typically ~70 psi for the delivery system described in step 2.4.3 for studies at rest). 

2.4.7. Test the switch valve by activating the flow of oxygen, making sure adequate flow is present at the outlet of the flow-bypass attachment and that no leaks are present in the plastic tubing. 

3. Instrumenting and preparing the subject for imaging

3.1. Have the subject lie on the MRI table. Make sure the top of the lower-coil element provides adequate coverage of the lung apices, by making sure the top of the lower-coil element is higher than the subject’s shoulders.

3.2. Have the subject insert earplugs and verify that sound is being blocked. 

3.3. Tape the squeeze ball (or an alternate safety mechanism) to the subject’s wrist so that it can be easily accessed.

3.4. Attach the mask and flow-bypass system to the subject’s face. Briefly occlude the expiratory side of the flow-bypass attachment and ask the subject to attempt a normal inspiration and expiration to check for leaks.

3.5. Place the subject into the scanner, using the light centering tool to make sure that the torso coil occupies the center of the bore.

3.6. Connect the flow bypass line to the 3D printed flow-bypass mask attachment using the tight-fitting brass nut to the inlet.

4. MRI imaging

4.1. Select the anatomical location for imaging slices. 

4.1.1. Acquire a localizer sequence to obtain an anatomical map that will be used to prescribe the rest of the exam. 

4.1.2. Select up to 4 sagittal lung slices to be studied by clicking and dragging the imaging slice to the desired location using the scanner graphical user interface. Typically, the field of view is set to 40 x 40 cm and slice thickness to 1.5 cm. Select slices centered in the lung field targeting the region of interest for the study, typically minimizing the intrusion of large pulmonary vessels medially and chest wall laterally to maximize the sampled lung volume. 

NOTE: Slice selection can be done in any plane; up to 4 slices can be selected. For the purpose of demonstration, one slice will be acquired. 

4.1.3. Make a note of the location of the imaging slices with respect to the location of the spinal column so that the same volume can be reimaged for longitudinal studies.

4.2. Specific ventilation imaging 

NOTE: A list of typical MRI parameters is presented in Table 1. 

4.2.1. Set the inversion time in the MR computer for the most medial slice to 1100 ms to maximize air-oxygen contrast17. 

4.2.2. Set the acquisition parameters (Table 1) for imaging acquisition. For multi slice acquisition, each additional slice is acquired after the first, at intervals of 235 ms (1335 ms, 1570 ms, 1805 ms).

NOTE: Following the inversion recovery pulse and a time interval (described by the inversion time), each slice image is acquired using a half-Fourier single-shot turbo spin-echo (HASTE), at 128 x 128 resolution (70-lines of k-space sampled); images are reconstructed to 256 x 256 resolution. 

4.2.3. Set the number of repetitions to 220 and the repetition time (TR) to 5 s. This will result in repeating 4.2.1 and 4.2.2 for a total of 220 consecutive breaths, 5 s apart. Ask the subject to voluntarily gate his or her breathing in time with the image acquisition. 

NOTE: Images are acquired at the end of a normal expiration in a short voluntary breathing interruption at functional residual capacity (FRC). It is important that a similar lung volume is reached consistently during each of these consecutive acquisitions.

4.2.4. Monitor the consistency of the subject’s lung volume (end expiration) during subsequent acquisitions and provide feedback to improve quality if necessary. Increase TR (the time interval between successive acquisitions) if the subject finds it difficult to reach a consistent lung volume every 5 s.

4.2.5. Switch the subject’s inspired gas mixture every 20 breaths (during the acquisition breath hold for the subject’s comfort), alternating between room air and medical oxygen. Make note of when the switches occurred, and the intervals during which the subject was breathing each gas. Allow the subject to breath 100% oxygen for 40 consecutive breaths at some point in the experiment (typically breaths 20-60 or 180-220) to increase sensitivity to low ventilation lung regions.

4.2.6. Regularly verify heart rate (40−80 for normal subjects at rest) and oxygen saturation (typically 98−100%) by looking at the pulse oximeter (Figure 2); deviations from the norm can signal distress or anxiety.

4.2.7. Talk to the subject frequently by pressing the scanner keyboard push-to-talk button, giving regular updates of time remaining.

4.2.8. After breath 220, imaging is complete. Return the subject to room air and remove him or her from the scanner.

5. Creating a specific ventilation map from a time series of images 

5.1. Verify that a stack of 220 consecutive MR images for each lung slice were acquired. 

5.2. Import the images for registration into the image analysis software (e.g., MATLAB).

5.3. Of the 220 images, choose, by visual inspection of the entire image stack, for each slice one that best represents functional residual capacity. Functional residual capacity is identified as the “mode” of lung volumes in the stack.

5.4. Using the “mode” image as reference, use projective or affine registration to register all images to the functional residual capacity reference.

NOTE: Registration is typically performed using an algorithm developed in house18 or a publicly-available generalized-dual bootstrap iterative closest point algorithm (GDB-ICP19).

5.5. Use the output of the registration algorithm to compute the area change of each image. Discard images whose registration step required >10% area change from the image stack, and treat them as missing data20.

5.6. Quantify specific ventilation in the lung from the registered stack using an algorithm developed in house1,7. Perform quantification by comparing the time response of each voxel to the consecutive oxygen washin and washout series, to a library of 50 simulated, noise free, responses, corresponding to specific ventilations ranging from 0.01 to 10, in 15% increments. Each voxel is assigned a value of specific ventilation corresponding to the specific ventilation of the simulated ideal presenting maximal correlation with each voxel’s time series, as originally presented in1.

5.7. The output of the previous step is a map of specific ventilation. Create a histogram of the distribution, and compute the width of the specific ventilation distribution, a measure of the specific ventilation heterogeneity, independent of tidal volume. 

6. Combining specific ventilation and density maps to compute regional alveolar ventilation

6.1. In addition to SVI, acquire lung proton density images21, as described in a previous study22 (sections 4.4 and 5.1 in reference22). Obtain the proton density images in the same lung slice(s), at the same lung volume (FRC, end of a normal expiration); set the resolution to 64 x 64, corresponding to a voxel size of ~6.3 mm x 6.3 mm x 15 mm (~0.6 cm3).

6.2. Align specific ventilation and proton density images.

6.2.1. Smooth both the specific ventilation and proton density images using a gaussian filter with a kernel size of ~1 cm3.

6.2.2. Perform rigid registration (translation and rotation) between the map of specific ventilation and the map of density using a mutual information-based algorithm. 

6.3. Compute alveolar ventilation from co-registered specific ventilation and proton density data.

6.3.1. Compute a map of (1-Density), which is the fraction of air in the sampled volume at the end of a normal expiration, assuming that the lung is composed of air and tissue and that tissue density is ~1 g/cm3. 

6.3.2. Compute a regional ventilation map as the product (1-Density) x SV (natural units). Multiply this product by the volume of a voxel (or other region of interest) and the breathing frequency (imposed, typically 12 breaths/min), to obtain a map of ventilation in the more familiar units of ml/min. 

NOTE: For each lung region, SV = ΔV/V0 and (1 – Density) ≈ V0. Thus, the product (1-Density) x SV = regional ventilation, expressed in natural units.

REPRESENTATIVE RESULTS: 
Single slice SVI in a healthy subject 
Specific ventilation imaging produces quantitative maps of specific ventilation as shown in Figure 3A, which depicts a single slice in the right lung of a 39-year-old healthy female. Note the presence of the expected vertical gradient in specific ventilation; the dependent portion of the lung presents higher specific ventilation than the non-dependent portion of the lung. A histogram of the mapped specific ventilation values is presented (Figure 3B, filled circles) along with a best-fit log-normal probability distribution function (dotted line). The width of the best-fit distribution can be used as a metric of specific ventilation heterogeneity7,23. Figure 1 shows a multiple breath washout acquired in the same subject, in the same posture. Figure 1A shows the temporal recording of nitrogen concentration measured at the mouth following a shift from inspired air to inspired 100% oxygen. Figure 1B presents the distribution of specific ventilation, as estimated from the washout. For both SVI and MBW, the relevant variable is the width of the distribution, as measured here by the width of a log normal distribution fitted to the data (dotted line), was found to be 0.41, using SVI and 0.42 using MBW within the healthy normal range. Validation of SVI-estimated specific ventilation heterogeneity by comparison with MBW was performed in 10 subjects and the difference between techniques was found to be smaller than the MBW inter-test variability7. A spatial comparison with a hyperpolarized gas multiple breath specific ventilation imaging16 also showed reliable group estimates of specific ventilation heterogeneity (the width of the specific ventilation distribution over the 8 subjects studied were 0.28 ± 0.08 and 0.27 ± 0.10 for hyperpolarized 3He and specific ventilation imaging, respectively), despite higher than expected intra-subject variability (the standard deviation of the individual differences in width was 0.13)16. 

Specific ventilation maps can also be used in conjunction with lung density maps to compute regional alveolar ventilation. To generate maps of alveolar ventilation, specific ventilation and density images must be spatially smoothed to minimize the potential minor misalignments between the two modalities.

Response to methacholine challenge in an asthmatic subject
SVI can be used to measure both lung-wide and regional responses to interventions such as exercise4, posture2, or medication3. As an example, Figure 4 depicts single-slice maps from the lung of a mild asthmatic female subject at baseline (Figure 4A), following bronchoconstriction with methacholine (Figure 4B), and after albuterol-assisted recovery (Figure 4C). Note the increased specific ventilation heterogeneity during the induced asthma event, and the presence of large patches of little to no specific ventilation (dark blue regions in the dependent portion of the lung). Also, note that ventilation increased paradoxically in some regions during bronchoconstriction (green-red regions).

Multi-slice SVI
Up to six (typically four), contiguous, 15 mm lung slices can be simultaneously imaged with SVI. Figure 5 depicts four contiguous right lung slices, covering ~70% of the right lung, in a moderate asthmatic male subject who had been withdrawn from his asthma medications for 24 hours. 

Ventilation map
Provided lung density information was acquired in the same slice, and the breathing frequency is known, a fully quantitative ventilation map can be computed in units of mL/min/mL. An example of a map of ventilation is shown in Figure 6.

FIGURE AND TABLE LEGENDS:

Figure 1: Multiple breath washout. (A) Typical MBW tracing showing expired nitrogen (N2) concentration (top) and tidal volume (bottom) over time (seconds, s). Data was acquired in the supine posture; the subject was a healthy 39-year-old female. (B) histogram depicting the distribution of specific ventilation (SV) computed from the MBW experiment using the method proposed by Lewis et al.23 (solid line). The dashed line represents the log(Gaussian) best fit to the specific ventilation distribution. The heterogeneity of specific ventilation, the key outcome, is measured as the width of the best fit distribution, in this case 0.42. This figure has been reprinted with permission7.

Figure 2: Diagram of the plumbing system and instrumentation. Specific ventilation imaging requires 100% medical oxygen, either from compressed gas tank (as drawn) or a wall outlet. The oxygen source is connected to a switch valve (control room), that in turn is connected, through the MRI pass-through, to the 3D printed flow bypass system24, attached to a facemask (scanner room). The left side of the drawing corresponds to the MRI control room, the right side to the scanner room. The plastic tubing connecting the tank to the switch is ¼ inch in diameter. The tubing from the switch valve outlet to the flow bypass system is also ¼ in. The last 2m include a step up in diameter, from ¼ inch to 3/8 inch, and then to ½ inch, in order to decrease the noise produced by the flow of air24. A pulse oximeter is used to monitor the subject’s heart rate (HR) and oxygen saturation (Sat) levels.

Figure 3: Specific ventilation imaging. (A) Typical map of specific ventilation (color), overlaid onto an anatomical MRI image of the same supine subject (gray scale). Specific ventilation ranges from very low values (blue) to SV = 1.0 (red). The subject, 39-year-old healthy volunteer (same subject as in Figure 1) was imaged in the supine posture. Note the vertical gradient in specific ventilation. A phantom of known MR characteristic used for calibration of absolute density was placed in the anterior chest wall. Phantoms are not required for SVI quantification. (B) Histogram of the distribution of specific ventilation (filled circles) compiled from the specific ventilation map. The width of the distribution represents the heterogeneity of specific ventilation in the lung slice studied. In this example, the distribution is unimodal and the width of the log Gaussian fitted distribution (dotted line) was 0.41; this is comparable to the MBW whole lung specific ventilation distribution presented in Figure 1B, for the same subject and posture, where the width of the distribution) was 0.42.

Figure 4: Bronchoconstriction and bronchodilation maps in a mild asthmatic. Specific ventilation measured in a mild asthmatic subject (female, age 24) at baseline (A), following inhalation of 1 mg/mL of methacholine (B) and following inhalation of albuterol (C). Note the significant changes in the distribution of specific ventilation following the induction of an asthma-like event using methacholine (panel B), with large regions of the dependent lung showing very low specific ventilation. Also note the recovery following bronchodilator administration (panel C). As in Figure 3, the specific ventilation maps have been overlaid into an anatomical MRI. The width of the specific ventilation distribution was 0.31 at baseline, 0.94 post methacholine, and 0.28 post albuterol.

Figure 5: Multi slice specific ventilation map in a moderate asthmatic following 24-h medication withdrawal. Specific ventilation map of 4 contiguous lung slices in the right lung, acquired in a 25-year old male moderate asthmatic after 24-h withdrawal of daily asthma medications. The 4 slices shown cover ~70% of the subject’s right lung. Regions of low specific ventilation (dark blue) are present in all slices. At baseline, FEV1 was 84% predicted. Following 24-h withdrawal of daily medications, this subject’s FEV1 was 69% of predicted; post-imaging, the subject used his rescue inhaler and FEV1 recovered to 83% of predicted. 

Figure 6: Example ventilation map showing ventilation (mL/min/mL) acquired in a healthy 27-year-old male subject. Ventilation maps were generated as described in section 6, using an SV map together with a map of lung proton density in the same slice. In this example, both the SV and density maps were smoothed using a log Gaussian kernel with a full width at half maximum of 5 voxels, resulting in a spatial scale of ~0.64 cm2 in plane.

Table 1: List of typical MRI parameters used for acquisition of specific ventilation imaging. 

DISCUSSION: 
Specific ventilation imaging allows quantitative mapping of the spatial distribution of specific ventilation in the human lung. Alternatives to SVI exist but are limited in some manner: Multiple breath washout provides a measure of heterogeneity but lacks spatial information23. Alternative imaging methods expose patients to ionizing radiation (e.g., SPECT, PET, CT, gamma scintigraphy) or are not widely available (hyperpolarized gas imaging using MRI). Specific ventilation imaging provides spatial information and can be performed using a standard clinical scanner and inhaled oxygen as the contrast source, and thus can be translated to nearly any clinical research setting. The fact that SVI does not require the use of radiation or contrast agents makes it well-suited for repeat or longitudinal studies that quantitatively evaluate regional responses to medication, therapy or interventions. This type of regional quantitative information on the impact of therapy may be especially useful in the context of inhaled drug delivery. 

The disadvantages of SVI are that it has a relatively low signal-to-noise ratio (typically 4-7), it requires ~18 minutes to acquire and that it is somewhat laborious for the subject and the data analyst. Subject training is essential for acquisition of reliable specific ventilation data. The subject is typically trained, using a recorded soundtrack of the scanner noises, prior to the imaging session, so that he or she can reach a reproducible volume (FRC) for each of the 220 breath hold images. Ideally, this is achieved while breathing at a normal, comfortable tidal volume without hyperventilating. Imprecise breath holds must be accounted for in post-processing by the data analyst, who must use image registration software to account for differences in lung volume (section 5.3 above).

Since the technique’s original publication1, SVI has undergone a modification to streamline its implementation. A 3D-printed MR compatible flow-bypass system24 enabled near-instantaneous switching between delivery of room air and oxygen to the subject. This system significantly diminishes the complexity of the original setup, which resembled the gas-delivery setup previously described in a JoVE paper relating to perfusion imaging22. This, together with the ongoing development of free breathing acquisition techniques, will make move the technique closer to clinical research applicability. 

As presented here, SVI has 2 main limitations: 1) the four slices (typically) of the right lung that are acquired represent only ~70% of the right lung – in its current implementation, no more than six slices can be acquired at 1.5T due to RF deposition leading to tissue heating; tissue heating increases at higher field strengths, further limiting multi-slice acquisition at 3T; and 2) SVI takes ~18 minutes to acquire, and thus the map of specific ventilation reflects each voxel’s time-averaged specific ventilation over this interval.

However, full lung coverage can be attained by repeating the procedure or by degrading spatial resolution, and scan time can be reduced at the expense of accuracy in specific ventilation quantification. The technique is, in general, versatile and different acquisition compromises are possible, each optimal for different applications. For example, in a study of dynamic recovery from an asthma event25, SVI data was analyzed at a higher temporal resolution (~7 min vs. ~18 min) and the same spatial resolution, at the cost of a ~ 30% increase in uncertainty of specific ventilation (estimated from Monte Carlo simulations). A recent modeling study26 sought to quantify the impact of several minor limitations of the SVI technique, namely 1) that the imaged volume does not encompass the entire right lung, 2) that small misalignments between successive images may exist even after registration, and 3) that pulmonary veins, by transporting blood from elsewhere in the lung into an imaged region, may add confounding signal that reflects ventilation in the region where that blood was originally oxygenated and not in the region in which it is being imaged. The study26 found that 1) in healthy subjects, a single-slice image (which encompasses only 8% of the total lung) estimates the vertical gradient of specific ventilation within 10% of its true value, 2) SVI analysis performed on modeled data purposefully misaligned, on average, by 9% (a worst case scenario, made worse by not discarding images with misalignments >10%) resulted in a ~20% underestimation of mean specific ventilation, an underestimation likely driven by the fact that mixing fast and slow equilibrating units will likely results in a bias towards the slower, low specific ventilation ones, and 3) pulmonary venous signal leads to systematic overestimation of the specific ventilation by less than 10%. 

The ability to produce functional images of the human lung – as opposed to inferring function from anatomical changes - has the potential to contribute to early diagnosis and increase the understanding of the lung in health and disease. In particular, the ability to produce repeatable and quantitative regional maps of ventilation permits longitudinal studies of disease progression and allows quantification of the effect of interventions, such as inhaled asthma medications. By combining specific ventilation imaging with two MRI techniques to measure lung density21 and pulmonary perfusion (previously presented in this journal22), maps of the ventilation-perfusion ratio in health and disease can be generated2. As mismatch between ventilation and perfusion is a major cause of hypoxia and hypercapnia, regional information on the ventilation perfusion ratio in health and disease can provide further insight into the impact of lung disease. 
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