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SUMMARY:  26 

Specific ventilation imaging is a functional magnetic resonance imaging technique that allows for 27 

quantification of regional specific ventilation in the human lung, using inhaled oxygen as a 28 

contrast agent. Here, we present a protocol to collect and analyze specific ventilation imaging 29 

data.  30 

 31 

ABSTRACT:  32 

Specific ventilation imaging (SVI) is a functional magnetic resonance imaging technique capable 33 

of quantifying specific ventilation ― the ratio of the fresh gas entering a lung region divided by 34 

the region’s end-expiratory volume ― in the human lung, using only inhaled oxygen as a contrast 35 

agent. Regional quantification of specific ventilation has the potential to help identify areas of 36 

pathologic lung function. Oxygen in solution in tissue shortens the tissue’s longitudinal relaxation 37 

time (T1), and thus a change in tissue oxygenation can be detected as a change in T1-weighted 38 

signal with an inversion recovery acquired image. Following an abrupt change between two 39 

concentrations of inspired oxygen, the rate at which lung tissue within a voxel equilibrates to a 40 

new steady-state reflects the rate at which resident gas is being replaced by inhaled gas. This rate 41 

is determined by specific ventilation. To elicit this sudden change in oxygenation, subjects 42 

alternately breathe 20-breath blocks of air (21% oxygen) and 100% oxygen while in the MRI 43 

scanner. A stepwise change in inspired oxygen fraction is achieved through use of a custom three-44 
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dimensional (3D)-printed flow bypass system with a manual switch during a short end-expiratory 45 

breath hold. To detect the corresponding change in T1, a global inversion pulse followed by a 46 

single shot fast spin echo sequence was used to acquire two-dimensional T1-weighted images in 47 

a 1.5 T MRI scanner, using an eight-element torso coil. Both single slice and multi-slice imaging 48 

are possible, with slightly different imaging parameters. Quantification of specific ventilation is 49 

achieved by correlating the time-course of signal intensity for each lung voxel with a library of 50 

simulated responses to the air/oxygen stimulus. SVI estimations of specific ventilation 51 

heterogeneity have been validated against multiple breath washout and proved to accurately 52 

determine the heterogeneity of the specific ventilation distribution. 53 

 54 

INTRODUCTION: 55 

The overall goal of specific ventilation imaging (SVI) ― a proton magnetic resonance imaging 56 

(MRI) technique that uses oxygen as a contrast agent1 ― is to quantitatively map specific 57 

ventilation in the human lung. Specific ventilation is the ratio of fresh gas delivered to a lung 58 

region in one breath divided by the end expiratory volume of the same lung region1. In 59 

conjunction with measurements of local lung density, specific ventilation can be used to compute 60 

regional ventilation2. Measurements of local ventilation and ventilation heterogeneity that are 61 

provided by SVI have the potential to enrich the understanding of how the lung functions, both 62 

normally and abnormally3,4. 63 

 64 

Specific ventilation imaging is an extension of the classical physiology test, multiple breath 65 

washout (MBW), a technique first introduced in the 1950s5,6. Both techniques use gas 66 

washin/washout to measure heterogeneity of specific ventilation, but SVI provides spatially-67 

localized information while MBW provides only global measures of heterogeneity. In MBW, a 68 

mass spectrometer is used to measure the mixed expired concentration of an insoluble gas 69 

(nitrogen, helium, sulfur hexafluoride, etc.) over many breaths during a washout of that gas, as 70 

depicted in Figure 1. Along with the expired volume per breath during the washout period, this 71 

information can be used to compute the overall distribution of specific ventilation in the lung. In 72 

SVI, an MRI scanner is used to measure the T1-weighted signal ― which is a surrogate for the 73 

amount of oxygen in solution in lung tissue, a direct indicator of local oxygen concentration ― in 74 

each lung voxel over many breaths during several washin/washouts of oxygen. In a way that is 75 

directly analogous to MBW, this information allows us to compute the specific ventilation of each 76 

lung voxel. In other words, the technique performs thousands of parallel MBW-like experiments, 77 

one for each voxel, during an SVI experiment. Indeed, the spatial maps of specific ventilation thus 78 

produced can be compiled to recover the specific ventilation heterogeneity output of MBW. A 79 

validation study7 showed that the two methodologies produced comparable results when 80 

performed in series on the same subjects. 81 

 82 

Other imaging modalities exist that, like SVI, provide spatial measures of ventilation 83 

heterogeneity. Positron emission tomography (PET)8,9, single-photon emission computed 84 

tomography (SPECT)10,11, and hyperpolarized gas MRI12,13 techniques have been used to create a 85 

substantial body of literature regarding the spatial pattern of ventilation in healthy and abnormal 86 

subjects. In general, these techniques have at least one distinct advantage over SVI, in that their 87 

signal-to-noise ratio is characteristically higher. However, each technique also has a characteristic 88 



   

 

disadvantage: PET and SPECT involve exposure to ionizing radiation, and hyperpolarized MRI 89 

requires the use of highly specialized hyperpolarized gas and a MR scanner with non-standard 90 

multi-nuclei hardware.  91 

 92 

SVI, a proton-MRI technique, typically uses 1.5 Tesla MR hardware with inhaled oxygen as a 93 

contrast agent (both elements are readily available in healthcare), making it potentially more 94 

generalizable to the clinical environment. SVI leverages the fact that oxygen shortens the 95 

longitudinal relaxation time (T1) of lung tissues1, which in turn translates to a change in signal 96 

intensity in a T1-weighted image. Thus, changes in the concentration of inspired oxygen induce 97 

change in signal intensity of appropriately timed MRI images. The rate of this change following 98 

an abrupt change in inspired oxygen concentration, typically air and 100% oxygen, reflects the 99 

rate at which resident gas is replaced by the inhaled gas. This replacement rate is determined by 100 

specific ventilation.  101 

 102 

As SVI involves no ionizing radiation, it has no contraindications for longitudinal and 103 

interventional studies that follow patients over time. Thus, it is ideally suited for studying disease 104 

progression or evaluating how individual patients responds to treatment. Due to its relative ease 105 

and safe repeatability, specific ventilation imaging is, in general, an ideal technique for those who 106 

wish to study large effects and/or a large number of people over time or in several different 107 

clinical locations. 108 

 109 

Following the original publication describing the technique1, specific ventilation imaging (SVI) has 110 

been used in studies focused on the effect of rapid saline infusion, posture, exercise, and 111 

bronchoconstriction2-4,14,15. The technique’s ability to estimate whole lung heterogeneity of 112 

specific ventilation has been validated using the well-established multiple breath washout test7 113 

and more recently, a regional a cross-validation was performed, by comparing SVI and 114 

hyperpolarized gas multiple breath specific ventilation imaging16. This reliable and readily 115 

deployable technique, capable of quantitatively mapping specific ventilation in the human lung, 116 

has the potential to significantly contribute to early detection and diagnosis of respiratory 117 

disease. It also presents new opportunities to quantify regional lung abnormalities and follow 118 

changes induced by therapy. These changes in region-specific lung function, which SVI enables 119 

us to measure for the first time, have the potential to become biomarkers for assessing the 120 

impact of drugs and inhaled therapies, and could be an extremely useful tool in clinical trials. 121 

 122 

The purpose of this article is to present the methodology of specific ventilation imaging in detail 123 

and in a visual form, thus contributing to the dissemination of the technique to more centers. 124 

 125 

PROTOCOL:  126 
 127 

The University of California, San Diego Human Research Protection Program has approved this 128 

protocol.  129 

 130 

1. Subject safety and training 131 

 132 



   

 

1.1. Obtain written, informed consent from the subject. Describe the potential risks presented 133 

by exposure to rapidly changing magnetic fields, and the potential discomfort of using facial mask 134 

and breathing dry gas. 135 

 136 

1.2. Ensure that the subject can safely undergo MR scanning, utilizing the locally approved MRI 137 

safety screening questionnaire. 138 

 139 

1.3. If the subject is a female of childbearing age, and uncertain of her pregnancy status, ask her 140 

to self-administer an over-the-counter pregnancy test. If the subject is pregnant, exclude the 141 

subject from the remainder of the study. 142 

 143 

1.4. Measure the subject’s weight. Scanner safety parameters that limit the amount of radio 144 

frequency (RF) energy delivered to the subject require input of this characteristic. Verify that the 145 

subject’s weight is below the maximal weight limit of the MRI table (in this case, 136 kg).  146 

 147 

1.5. Train the subject to breathe in time with the MR scan sequence. Preferably, play an audio 148 

recording of a previous scan and instruct the subject to breathe normally and complete a breath 149 

every 5 s, using the audio cues from the scanner as guide; breathe along with the subject for the 150 

purpose of training. 151 

 152 

1.6. Determine the size of the face mask (sizes range from petite to extra-large [XL]) that best fits 153 

the subject by measuring the subject’s nose-to-chin dimensions. An appropriately-sized mask will 154 

fit comfortably yet will prevent air from leaking in between the mask and the subject’s skin at 155 

any point. Try on other sizes if necessary. 156 

 157 

1.7. Verify that the subject’s pockets and clothing are free from magnetic-based credit cards and 158 

iron-containing metal pieces. If required, have the subject change into the medical gown 159 

provided by the MRI facility.  160 

 161 

NOTE: Metal can be hazardous in the MRI environment, and metallic objects such as clips 162 

(typically in bras), metal rings (bras and hoodies), metal button or zippers (shirts, sweaters), hair 163 

extension and wigs have the potential to create imaging artifacts. 164 

 165 

2. Preparation of the MRI environment 166 

 167 

2.1. Only allow personnel trained in MRI safety to the standards of the imaging facility to enter 168 

the scanner room or assist in performing this experiment. 169 

 170 

2.2. Configure the MR scanner for use with a torso coil by connecting the coil to the appropriate 171 

connector in the scanner table. 172 

 173 

2.3. Prepare the scanner table with sheets, pads, and pillows so that the subject will be 174 

comfortable for at least 30 min during imaging. 175 

 176 



   

 

2.4. Assemble the oxygen delivery system.  177 

 178 

NOTE: A schematic diagram of the tubing is presented in Figure 2.  179 

 180 

2.4.1. Place a two/three-way switching valve within reach of the scanner operator or person 181 

performing the SVI experiment.  182 

 183 

2.4.2. Connect either the tank of medical oxygen (outside the scanner room) or the oxygen wall 184 

supply (if available) to one inlet of the switching valve using ¼-inch plastic tubing.  185 

 186 

2.4.3. Connect the outlet of the switch valve located in the control room to the 8-m (sufficient 187 

length for the scanner) ¼-inch plastic tubing. Feed the tubing through the pass-through, from the 188 

control room to the scanner room, and ensure that it will reach the middle of the scanner bore.  189 

 190 

NOTE: The plastic tubing connecting the switching valve outlet to the flow-bypass mask included 191 

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 192 

noise produced by air flowing into the flow bypass system.  193 

 194 

2.4.4. Connect the ½ inch end of the tubing to the flow-bypass mask attachment. 195 

 196 

2.4.5. Secure the flow-bypass attachment to the face mask that fits the subject. 197 

 198 

2.4.6. Set the pressure on the gas tank or wall outlet regulator to a value that produces a flow of 199 

oxygen greater than the expected peak inspiratory flow. The pressure needed depends on the 200 

nature of the study (rest, exercise, etc.) and the overall resistance of the gas delivery system 201 

(typically ~70 psi for the delivery system described in step 2.4.3 for studies at rest).  202 

 203 

2.4.7. Test the switch valve by activating the flow of oxygen, making sure adequate flow is present 204 

at the outlet of the flow-bypass attachment and that no leaks are present in the plastic tubing.  205 

 206 

3. Instrumenting and preparing the subject for imaging 207 

 208 

3.1. Have the subject lie on the MRI table. Make sure the top of the lower-coil element provides 209 

adequate coverage of the lung apices, by making sure the top of the lower-coil element is higher 210 

than the subject’s shoulders. 211 

 212 

3.2. Have the subject insert earplugs and verify that sound is being blocked.  213 

 214 

3.3. Tape the squeeze ball (or an alternate safety mechanism) to the subject’s wrist so that it can 215 

be easily accessed. 216 

 217 

3.4. Attach the mask and flow-bypass system to the subject’s face. Briefly occlude the expiratory 218 

side of the flow-bypass attachment and ask the subject to attempt a normal inspiration and 219 

expiration to check for leaks. 220 



   

 

 221 

3.5. Place the subject into the scanner, using the light centering tool to make sure that the torso 222 

coil occupies the center of the bore. 223 

 224 

3.6. Connect the flow bypass line to the 3D printed flow-bypass mask attachment using the tight-225 

fitting brass nut to the inlet. 226 

 227 

4. MRI imaging 228 

 229 

4.1. Select the anatomical location for imaging slices.  230 

 231 

4.1.1. Acquire a localizer sequence to obtain an anatomical map that will be used to prescribe 232 

the rest of the exam.  233 

 234 

4.1.2. Select up to 4 sagittal lung slices to be studied by clicking and dragging the imaging slice to 235 

the desired location using the scanner graphical user interface. Typically, the field of view is set 236 

to 40 x 40 cm and slice thickness to 1.5 cm. Select slices centered in the lung field targeting the 237 

region of interest for the study, typically minimizing the intrusion of large pulmonary vessels 238 

medially and chest wall laterally to maximize the sampled lung volume.  239 

 240 

NOTE: Slice selection can be done in any plane; up to 4 slices can be selected. For the purpose of 241 

demonstration, one slice will be acquired.  242 

 243 

4.1.3. Make a note of the location of the imaging slices with respect to the location of the spinal 244 

column so that the same volume can be reimaged for longitudinal studies. 245 

 246 

4.2. Specific ventilation imaging  247 

 248 

NOTE: A list of typical MRI parameters is presented in Table 1.  249 

 250 

4.2.1. Set the inversion time in the MR computer for the most medial slice to 1100 ms to maximize 251 

air-oxygen contrast17.  252 

 253 

4.2.2. Set the acquisition parameters (Table 1) for imaging acquisition. For multi slice acquisition, 254 

each additional slice is acquired after the first, at intervals of 235 ms (1335 ms, 1570 ms, 1805 255 

ms). 256 

 257 

NOTE: Following the inversion recovery pulse and a time interval (described by the inversion 258 

time), each slice image is acquired using a half-Fourier single-shot turbo spin-echo (HASTE), at 259 

128 x 128 resolution (70-lines of k-space sampled); images are reconstructed to 256 x 256 260 

resolution.  261 

 262 



   

 

4.2.3. Set the number of repetitions to 220 and the repetition time (TR) to 5 s. This will result in 263 

repeating 4.2.1 and 4.2.2 for a total of 220 consecutive breaths, 5 s apart. Ask the subject to 264 

voluntarily gate his or her breathing in time with the image acquisition.  265 

 266 

NOTE: Images are acquired at the end of a normal expiration in a short voluntary breathing 267 

interruption at functional residual capacity (FRC). It is important that a similar lung volume is 268 

reached consistently during each of these consecutive acquisitions. 269 

 270 

4.2.4. Monitor the consistency of the subject’s lung volume (end expiration) during subsequent 271 

acquisitions and provide feedback to improve quality if necessary. Increase TR (the time interval 272 

between successive acquisitions) if the subject finds it difficult to reach a consistent lung volume 273 

every 5 s. 274 

 275 

4.2.5. Switch the subject’s inspired gas mixture every 20 breaths (during the acquisition breath 276 

hold for the subject’s comfort), alternating between room air and medical oxygen. Make note of 277 

when the switches occurred, and the intervals during which the subject was breathing each gas. 278 

Allow the subject to breath 100% oxygen for 40 consecutive breaths at some point in the 279 

experiment (typically breaths 20-60 or 180-220) to increase sensitivity to low ventilation lung 280 

regions. 281 

 282 

4.2.6. Regularly verify heart rate (40−80 for normal subjects at rest) and oxygen saturation 283 

(typically 98−100%) by looking at the pulse oximeter (Figure 2); deviations from the norm can 284 

signal distress or anxiety. 285 

 286 

4.2.7. Talk to the subject frequently by pressing the scanner keyboard push-to-talk button, giving 287 

regular updates of time remaining. 288 

 289 

4.2.8. After breath 220, imaging is complete. Return the subject to room air and remove him or 290 

her from the scanner. 291 

 292 

5. Creating a specific ventilation map from a time series of images  293 

 294 

5.1. Verify that a stack of 220 consecutive MR images for each lung slice were acquired.  295 

 296 

5.2. Import the images for registration into the image analysis software (e.g., MATLAB). 297 

 298 

5.3. Of the 220 images, choose, by visual inspection of the entire image stack, for each slice one 299 

that best represents functional residual capacity. Functional residual capacity is identified as the 300 

“mode” of lung volumes in the stack. 301 

 302 

5.4. Using the “mode” image as reference, use projective or affine registration to register all 303 

images to the functional residual capacity reference. 304 

 305 



   

 

NOTE: Registration is typically performed using an algorithm developed in house18 or a publicly-306 

available generalized-dual bootstrap iterative closest point algorithm (GDB-ICP19). 307 

 308 

5.5. Use the output of the registration algorithm to compute the area change of each image. 309 

Discard images whose registration step required >10% area change from the image stack, and 310 

treat them as missing data20. 311 

 312 

5.6. Quantify specific ventilation in the lung from the registered stack using an algorithm 313 

developed in house1,7. Perform quantification by comparing the time response of each voxel to 314 

the consecutive oxygen washin and washout series, to a library of 50 simulated, noise free, 315 

responses, corresponding to specific ventilations ranging from 0.01 to 10, in 15% increments. 316 

Each voxel is assigned a value of specific ventilation corresponding to the specific ventilation of 317 

the simulated ideal presenting maximal correlation with each voxel’s time series, as originally 318 

presented in1. 319 

 320 

5.7. The output of the previous step is a map of specific ventilation. Create a histogram of the 321 

distribution, and compute the width of the specific ventilation distribution, a measure of the 322 

specific ventilation heterogeneity, independent of tidal volume.  323 

 324 

6. Combining specific ventilation and density maps to compute regional alveolar ventilation 325 

 326 

6.1. In addition to SVI, acquire lung proton density images21, as described in a previous study22 327 

(sections 4.4 and 5.1 in reference22). Obtain the proton density images in the same lung slice(s), 328 

at the same lung volume (FRC, end of a normal expiration); set the resolution to 64 x 64, 329 

corresponding to a voxel size of ~6.3 mm x 6.3 mm x 15 mm (~0.6 cm3). 330 

 331 

6.2. Align specific ventilation and proton density images. 332 

 333 

6.2.1. Smooth both the specific ventilation and proton density images using a gaussian filter with 334 

a kernel size of ~1 cm3. 335 

 336 

6.2.2. Perform rigid registration (translation and rotation) between the map of specific ventilation 337 

and the map of density using a mutual information-based algorithm.  338 

 339 

6.3. Compute alveolar ventilation from co-registered specific ventilation and proton density data. 340 

 341 

6.3.1. Compute a map of (1-Density), which is the fraction of air in the sampled volume at the 342 

end of a normal expiration, assuming that the lung is composed of air and tissue and that tissue 343 

density is ~1 g/cm3.  344 

 345 

6.3.2. Compute a regional ventilation map as the product (1-Density) x SV (natural units). Multiply 346 

this product by the volume of a voxel (or other region of interest) and the breathing frequency 347 

(imposed, typically 12 breaths/min), to obtain a map of ventilation in the more familiar units of 348 

ml/min.  349 



   

 

 350 

NOTE: For each lung region, SV = ΔV/V0 and (1 – Density) ≈ V0. Thus, the product (1-Density) x SV 351 

= regional ventilation, expressed in natural units. 352 

 353 

REPRESENTATIVE RESULTS:  354 

Single slice SVI in a healthy subject  355 

Specific ventilation imaging produces quantitative maps of specific ventilation as shown in Figure 356 

3A, which depicts a single slice in the right lung of a 39-year-old healthy female. Note the 357 

presence of the expected vertical gradient in specific ventilation; the dependent portion of the 358 

lung presents higher specific ventilation than the non-dependent portion of the lung. A histogram 359 

of the mapped specific ventilation values is presented (Figure 3B, filled circles) along with a best-360 

fit log-normal probability distribution function (dotted line). The width of the best-fit distribution 361 

can be used as a metric of specific ventilation heterogeneity7,23. Figure 1 shows a multiple breath 362 

washout acquired in the same subject, in the same posture. Figure 1A shows the temporal 363 

recording of nitrogen concentration measured at the mouth following a shift from inspired air to 364 

inspired 100% oxygen. Figure 1B presents the distribution of specific ventilation, as estimated 365 

from the washout. For both SVI and MBW, the relevant variable is the width of the distribution, 366 

as measured here by the width of a log normal distribution fitted to the data (dotted line), was 367 

found to be 0.41, using SVI and 0.42 using MBW within the healthy normal range. Validation of 368 

SVI-estimated specific ventilation heterogeneity by comparison with MBW was performed in 10 369 

subjects and the difference between techniques was found to be smaller than the MBW inter-370 

test variability7. A spatial comparison with a hyperpolarized gas multiple breath specific 371 

ventilation imaging16 also showed reliable group estimates of specific ventilation heterogeneity 372 

(the width of the specific ventilation distribution over the 8 subjects studied were 0.28 ± 0.08 and 373 

0.27 ± 0.10 for hyperpolarized 3He and specific ventilation imaging, respectively), despite higher 374 

than expected intra-subject variability (the standard deviation of the individual differences in 375 

width was 0.13)16.  376 

 377 

Specific ventilation maps can also be used in conjunction with lung density maps to compute 378 

regional alveolar ventilation. To generate maps of alveolar ventilation, specific ventilation and 379 

density images must be spatially smoothed to minimize the potential minor misalignments 380 

between the two modalities. 381 

 382 

Response to methacholine challenge in an asthmatic subject 383 

SVI can be used to measure both lung-wide and regional responses to interventions such as 384 

exercise4, posture2, or medication3. As an example, Figure 4 depicts single-slice maps from the 385 

lung of a mild asthmatic female subject at baseline (Figure 4A), following bronchoconstriction 386 

with methacholine (Figure 4B), and after albuterol-assisted recovery (Figure 4C). Note the 387 

increased specific ventilation heterogeneity during the induced asthma event, and the presence 388 

of large patches of little to no specific ventilation (dark blue regions in the dependent portion of 389 

the lung). Also, note that ventilation increased paradoxically in some regions during 390 

bronchoconstriction (green-red regions). 391 

 392 

Multi-slice SVI 393 



   

 

Up to six (typically four), contiguous, 15 mm lung slices can be simultaneously imaged with SVI. 394 

Figure 5 depicts four contiguous right lung slices, covering ~70% of the right lung, in a moderate 395 

asthmatic male subject who had been withdrawn from his asthma medications for 24 hours.  396 

 397 

Ventilation map 398 

Provided lung density information was acquired in the same slice, and the breathing frequency 399 

is known, a fully quantitative ventilation map can be computed in units of mL/min/mL. An 400 

example of a map of ventilation is shown in Figure 6. 401 

 402 

FIGURE AND TABLE LEGENDS: 403 

 404 

Figure 1: Multiple breath washout. (A) Typical MBW tracing showing expired nitrogen (N2) 405 

concentration (top) and tidal volume (bottom) over time (seconds, s). Data was acquired in the 406 

supine posture; the subject was a healthy 39-year-old female. (B) histogram depicting the 407 

distribution of specific ventilation (SV) computed from the MBW experiment using the method 408 

proposed by Lewis et al.23 (solid line). The dashed line represents the log(Gaussian) best fit to the 409 

specific ventilation distribution. The heterogeneity of specific ventilation, the key outcome, is 410 

measured as the width of the best fit distribution, in this case 0.42. This figure has been reprinted 411 

with permission7. 412 

 413 

Figure 2: Diagram of the plumbing system and instrumentation. Specific ventilation imaging 414 

requires 100% medical oxygen, either from compressed gas tank (as drawn) or a wall outlet. The 415 

oxygen source is connected to a switch valve (control room), that in turn is connected, through 416 

the MRI pass-through, to the 3D printed flow bypass system24, attached to a facemask (scanner 417 

room). The left side of the drawing corresponds to the MRI control room, the right side to the 418 

scanner room. The plastic tubing connecting the tank to the switch is ¼ inch in diameter. The 419 

tubing from the switch valve outlet to the flow bypass system is also ¼ in. The last 2m include a 420 

step up in diameter, from ¼ inch to 3/8 inch, and then to ½ inch, in order to decrease the noise 421 

produced by the flow of air24. A pulse oximeter is used to monitor the subject’s heart rate (HR) 422 

and oxygen saturation (Sat) levels. 423 

 424 

Figure 3: Specific ventilation imaging. (A) Typical map of specific ventilation (color), overlaid onto 425 

an anatomical MRI image of the same supine subject (gray scale). Specific ventilation ranges from 426 

very low values (blue) to SV = 1.0 (red). The subject, 39-year-old healthy volunteer (same subject 427 

as in Figure 1) was imaged in the supine posture. Note the vertical gradient in specific ventilation. 428 

A phantom of known MR characteristic used for calibration of absolute density was placed in the 429 

anterior chest wall. Phantoms are not required for SVI quantification. (B) Histogram of the 430 

distribution of specific ventilation (filled circles) compiled from the specific ventilation map. The 431 

width of the distribution represents the heterogeneity of specific ventilation in the lung slice 432 

studied. In this example, the distribution is unimodal and the width of the log Gaussian fitted 433 

distribution (dotted line) was 0.41; this is comparable to the MBW whole lung specific ventilation 434 

distribution presented in Figure 1B, for the same subject and posture, where the width of the 435 

distribution) was 0.42. 436 

 437 



   

 

Figure 4: Bronchoconstriction and bronchodilation maps in a mild asthmatic. Specific 438 

ventilation measured in a mild asthmatic subject (female, age 24) at baseline (A), following 439 

inhalation of 1 mg/mL of methacholine (B) and following inhalation of albuterol (C). Note the 440 

significant changes in the distribution of specific ventilation following the induction of an asthma-441 

like event using methacholine (panel B), with large regions of the dependent lung showing very 442 

low specific ventilation. Also note the recovery following bronchodilator administration (panel 443 

C). As in Figure 3, the specific ventilation maps have been overlaid into an anatomical MRI. The 444 

width of the specific ventilation distribution was 0.31 at baseline, 0.94 post methacholine, and 445 

0.28 post albuterol. 446 

 447 

Figure 5: Multi slice specific ventilation map in a moderate asthmatic following 24-h medication 448 

withdrawal. Specific ventilation map of 4 contiguous lung slices in the right lung, acquired in a 449 

25-year old male moderate asthmatic after 24-h withdrawal of daily asthma medications. The 4 450 

slices shown cover ~70% of the subject’s right lung. Regions of low specific ventilation (dark blue) 451 

are present in all slices. At baseline, FEV1 was 84% predicted. Following 24-h withdrawal of daily 452 

medications, this subject’s FEV1 was 69% of predicted; post-imaging, the subject used his rescue 453 

inhaler and FEV1 recovered to 83% of predicted.  454 

 455 

Figure 6: Example ventilation map showing ventilation (mL/min/mL) acquired in a healthy 27-456 

year-old male subject. Ventilation maps were generated as described in section 6, using an SV 457 

map together with a map of lung proton density in the same slice. In this example, both the SV 458 

and density maps were smoothed using a log Gaussian kernel with a full width at half maximum 459 

of 5 voxels, resulting in a spatial scale of ~0.64 cm2 in plane. 460 

 461 

Table 1: List of typical MRI parameters used for acquisition of specific ventilation imaging.  462 

 463 

DISCUSSION:  464 

Specific ventilation imaging allows quantitative mapping of the spatial distribution of specific 465 

ventilation in the human lung. Alternatives to SVI exist but are limited in some manner: Multiple 466 

breath washout provides a measure of heterogeneity but lacks spatial information23. Alternative 467 

imaging methods expose patients to ionizing radiation (e.g., SPECT, PET, CT, gamma scintigraphy) 468 

or are not widely available (hyperpolarized gas imaging using MRI). Specific ventilation imaging 469 

provides spatial information and can be performed using a standard clinical scanner and inhaled 470 

oxygen as the contrast source, and thus can be translated to nearly any clinical research setting. 471 

The fact that SVI does not require the use of radiation or contrast agents makes it well-suited for 472 

repeat or longitudinal studies that quantitatively evaluate regional responses to medication, 473 

therapy or interventions. This type of regional quantitative information on the impact of therapy 474 

may be especially useful in the context of inhaled drug delivery.  475 

 476 

The disadvantages of SVI are that it has a relatively low signal-to-noise ratio (typically 4-7), it 477 

requires ~18 minutes to acquire and that it is somewhat laborious for the subject and the data 478 

analyst. Subject training is essential for acquisition of reliable specific ventilation data. The 479 

subject is typically trained, using a recorded soundtrack of the scanner noises, prior to the 480 

imaging session, so that he or she can reach a reproducible volume (FRC) for each of the 220 481 



   

 

breath hold images. Ideally, this is achieved while breathing at a normal, comfortable tidal 482 

volume without hyperventilating. Imprecise breath holds must be accounted for in post-483 

processing by the data analyst, who must use image registration software to account for 484 

differences in lung volume (section 5.3 above). 485 

 486 

Since the technique’s original publication1, SVI has undergone a modification to streamline its 487 

implementation. A 3D-printed MR compatible flow-bypass system24 enabled near-instantaneous 488 

switching between delivery of room air and oxygen to the subject. This system significantly 489 

diminishes the complexity of the original setup, which resembled the gas-delivery setup 490 

previously described in a JoVE paper relating to perfusion imaging22. This, together with the 491 

ongoing development of free breathing acquisition techniques, will make move the technique 492 

closer to clinical research applicability.  493 

 494 

As presented here, SVI has 2 main limitations: 1) the four slices (typically) of the right lung that 495 

are acquired represent only ~70% of the right lung – in its current implementation, no more than 496 

six slices can be acquired at 1.5T due to RF deposition leading to tissue heating; tissue heating 497 

increases at higher field strengths, further limiting multi-slice acquisition at 3T; and 2) SVI takes 498 

~18 minutes to acquire, and thus the map of specific ventilation reflects each voxel’s time-499 

averaged specific ventilation over this interval. 500 

 501 

However, full lung coverage can be attained by repeating the procedure or by degrading spatial 502 

resolution, and scan time can be reduced at the expense of accuracy in specific ventilation 503 

quantification. The technique is, in general, versatile and different acquisition compromises are 504 

possible, each optimal for different applications. For example, in a study of dynamic recovery 505 

from an asthma event25, SVI data was analyzed at a higher temporal resolution (~7 min vs. ~18 506 

min) and the same spatial resolution, at the cost of a ~ 30% increase in uncertainty of specific 507 

ventilation (estimated from Monte Carlo simulations). A recent modeling study26 sought to 508 

quantify the impact of several minor limitations of the SVI technique, namely 1) that the imaged 509 

volume does not encompass the entire right lung, 2) that small misalignments between 510 

successive images may exist even after registration, and 3) that pulmonary veins, by transporting 511 

blood from elsewhere in the lung into an imaged region, may add confounding signal that reflects 512 

ventilation in the region where that blood was originally oxygenated and not in the region in 513 

which it is being imaged. The study26 found that 1) in healthy subjects, a single-slice image (which 514 

encompasses only 8% of the total lung) estimates the vertical gradient of specific ventilation 515 

within 10% of its true value, 2) SVI analysis performed on modeled data purposefully misaligned, 516 

on average, by 9% (a worst case scenario, made worse by not discarding images with 517 

misalignments >10%) resulted in a ~20% underestimation of mean specific ventilation, an 518 

underestimation likely driven by the fact that mixing fast and slow equilibrating units will likely 519 

results in a bias towards the slower, low specific ventilation ones, and 3) pulmonary venous signal 520 

leads to systematic overestimation of the specific ventilation by less than 10%.  521 

 522 

The ability to produce functional images of the human lung – as opposed to inferring function 523 

from anatomical changes - has the potential to contribute to early diagnosis and increase the 524 

understanding of the lung in health and disease. In particular, the ability to produce repeatable 525 



   

 

and quantitative regional maps of ventilation permits longitudinal studies of disease progression 526 

and allows quantification of the effect of interventions, such as inhaled asthma medications. By 527 

combining specific ventilation imaging with two MRI techniques to measure lung density21 and 528 

pulmonary perfusion (previously presented in this journal22), maps of the ventilation-perfusion 529 

ratio in health and disease can be generated2. As mismatch between ventilation and perfusion is 530 

a major cause of hypoxia and hypercapnia, regional information on the ventilation perfusion ratio 531 

in health and disease can provide further insight into the impact of lung disease.  532 

 533 
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Table 1 List of typical MRI parameters used for acquisition of specific ventilation imaging. 

MRI parameters SVI Notes

21.6 ms (single slice)

18.2 ms (multi slice)

Any value > 4 s

Adjust for patient comfort

1.100 s (single slice) For multi slice, TI of slice n 

1.100, 1.335, 1.570, 1.805 s (4 slices) TI(n)=1.100 s + 0.235*(n-1)

256 x 128 (single slice)

128 x 128 (multi slice)

Echo time (TE)

Repetition time (TR) 5 s

Inversion time (TI)

Matrix 

32-44 cm

Bandwidth 125 kHz

Field of View 40 cm 
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Name of Material/Equipment Company Catalog Number Comments/Description

3D-printed flow bypass system

Face mask Hans Rudolph 7400 series Oro-nasal mask, different sizes

Gas/oxygen regulator

Mask head set Hans Rudolph 7400 compatible head set

Matlab Mathworks analysis software developed locally 

Medical oxygen Air Liquide/Linde Oxygen to be delivered to the subject

MRI GE healthcare 1.5 T GE HDx Excite twin-speed scanner

Plastic tubing ¼”, 3/8” and 1/2” tubing and connectors

Pulse oximeter Nonin 7500 FO (MR compatible)

Switch valve

Torso coil GE healthcare High gain torso coil for GE scanner

Table of Materials Click here to access/download;Table of
Materials;JoVE_Table_of_Materials_RCPdS_R1.xlsx

https://www.editorialmanager.com/jove/download.aspx?id=998206&guid=212751e6-4250-4efd-bdef-88d58cf20499&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=998206&guid=212751e6-4250-4efd-bdef-88d58cf20499&scheme=1


Author License Agreement (ALA) Click here to access/download;Author License Agreement
(ALA);AuthorLicenseAgreement.pdf

https://www.editorialmanager.com/jove/download.aspx?id=998207&guid=7f5d45cf-aa74-4bc3-b245-87fb1eacbdb7&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=998207&guid=7f5d45cf-aa74-4bc3-b245-87fb1eacbdb7&scheme=1








Editorial comments: 
 

1. Please note that the editor has formatted the manuscript to match the journal's 
style. Please retain the same. The updated manuscript is attached and please use 
this version to incorporate the changes that are requested. 
 
We have retained the format, and the minor changes were added, respecting the 
format.  
 

2. Please address specific comments marked in the attached manuscript. Please 
turn on Track Changes to keep track of the changes you make to the manuscript. 
 
All edits, changes and responses were kept as track changes.  
A ‘clean’ version was also uploaded.  
 

3. As we can only film 2.75 pages of the protocol, please review and shorten the 
highlighted portion to 2.75 pages. Note that the highlighted content should be 
continuous and contain essential steps of the protocol for the video, i.e., the steps 
that should be visualized to tell the most cohesive story of the Protocol. Please 
highlight complete sentences (not parts of sentences). Please ensure that the 
highlighted part of the step includes at least one action that is written in 
imperative tense. 
 
We have reduced the amount of highlighted text to 2.75 pages (in the current 
format). As it stands the highlighted versions are 2 pages and 33 lines long, 
which with 44 lines / page is 2.75.  
 

4. Please obtain explicit copyright permission to reuse any figures from a 
previous publication. Explicit permission can be expressed in the form of a letter 
from the editor or a link to the editorial policy that allows re-prints. Please 
upload this information as a .doc or .docx file to your Editorial Manager account. 
The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has 
been modified from [citation].” 

 
Here is the link: 
https://www.physiology.org/author-info.permissions 
Specifically:  

Republication in 
New Works 

Authors may republish parts of their final-published work (e.g., figures, 
tables), without charge and without requesting permission, provided that 
full citation of the source is given in the new work. 

Rebuttal Letter Click here to access/download;Rebuttal
Letter;Response2editorialcommentsv10.docx

https://www.physiology.org/author-info.permissions
https://www.editorialmanager.com/jove/download.aspx?id=998176&guid=cc452452-aed1-4a5f-b41e-d88e8676f2f6&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=998176&guid=cc452452-aed1-4a5f-b41e-d88e8676f2f6&scheme=1


 
5. Please number the references in order of appearance. 
 
Done. 
 
6. Table 1: Please upload it to your Editorial Manager account as an .xlsx file. 
Please include a space between all numerical values and their corresponding 
units (i.e., 40 cm, 18.2 ms, 4 s, etc.) In the equation of TI(n), please check whether 
1,100s should be 1.100s. 
 
Done (numbers and spaces).  
Thank you. It should read 1.1 s throughout. Corrected.  
Table 1 was submitted as .xlsx file.  
 
7. Figure 1A: Please change the time unit “sec” to “s”. 
 
Done. 
 
8. Figure 6: Please change the volume unit “ml” to “mL”. 
 

Done.  


