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SUMMARY:  24 
Coronary flow reserve (CFR), is defined as the ratio of maximal coronary blood flow to the resting 25 
coronary blood flow. We present a protocol for evaluating CFR in rats via ultrasound, which offers 26 
the opportunity to predict cardiovascular risk factors in the absence of obstructive coronary 27 
disease.  28 
 29 
ABSTRACT: 30 
Coronary artery disease is the leading cause of death worldwide. After an acute myocardial 31 
infarction, early and successful myocardial intervention via recanalization of the coronary artery 32 
is the most effective strategy for reducing the size of ischemic myocardium. The coronary 33 
microvasculature cannot be visualized and imaged in vivo, but there are several invasive and 34 
noninvasive techniques that can be used to assess parameters which depend directly on coronary 35 
microvascular function. The endothelial function after ischemia reperfusion can be assessed also 36 
at the level of the coronary circulation via the coronary flow reserve (CFR). In this study, peak 37 
velocity of left anterior descending (LAD) coronary arteries was measured in rats in vivo via 38 
Transthoracic Doppler Echocardiography during resting and stress challenge (induced by 39 
Dobutamine). A normal heart can increase its coronary blood flow up to four times above the 40 
resting values during stress induction. Following ischemia reperfusion, we found a significantly 41 
diminished CFR, which can be used as a marker of coronary microvascular dysfunction. CFR has 42 
opened a window on the importance of microvascular dysfunction and has been shown to predict 43 
cardiovascular risk independent of whether the severe obstructive disease is present. 44 
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 45 
INTRODUCTION:  46 
Myocardial ischemia reperfusion (IR) is a condition where blood supply is restricted to the heart 47 
followed by the restoration of perfusion and simultaneous reoxygenation1. Occlusion of coronary 48 
arteries can be caused by an embolus or cholesterol plaque rupture, which results in a severe 49 
imbalance of metabolic supply and demand, causing tissue hypoxia. Salvage of jeopardized 50 
myocardium, improve left ventricular function, and enhance survival in patients with acute 51 
myocardial infarction have been observed by the reperfusion therapy. However, after 52 
recanalization of the coronary artery, functional abnormalities of small coronary vessels may 53 
occur2-5. A significant proportion of patients, perhaps as many as 40%, do not regain 54 
microvascular and myocardial perfusion despite the restoration of coronary flow. Visualization 55 
and evaluation of the coronary microvasculature can be difficult in vivo, but there are a number 56 
of invasive and noninvasive techniques that can be used to assess parameters directly depending 57 
on the coronary microvascular function6,7. Also, the endothelial function can be assessed at the 58 
level of the coronary circulation via the CFR5.  59 
 60 
Transthoracic Doppler echocardiography is a noninvasive tool which allows us to study coronary 61 
artery flow velocity and CFR5. CFR represents the ratio of maximal coronary blood flow to the 62 
resting coronary blood flow8. During the stress challenge, a normal heart increases coronary 63 
blood flow up to four times above the resting value. Cardiovascular risk increases when CFR is 64 
diminished9. Ishihara et al showed that the CFR was severely impaired immediately after the 65 
coronary angioplasty5. In the absence of coronary artery stenosis, CFR decreases during the 66 
coronary microvascular dysfunction and is present in about half of the patients with stable 67 
coronary artery disease10.   68 
 69 
The overall goal of this method is noninvasive visualization of left anterior descending coronary 70 
artery (LAD) function in rats via echocardiography, which may be used to calculate CFR. This 71 
offers an important assessment tool for diagnosing microvascular dysfunction and evaluating 72 
potential therapeutic treatments.  73 
 74 
PROTOCOL: 75 
 76 
All procedures were performed in accordance with protocols approved by the University of 77 
Louisville Institutional Animal Care and Use Committee (IACUC-approved protocol 18223) and 78 
the NIH Guide for the Care and Use of Laboratory Animals11.  79 
 80 
1 Animals  81 
 82 
1.1. Use 4-month-old female Fisher 344 rats (BW~150-180 g) for the study. 83 
 84 
2 Ultrasound Imaging before IR surgery 85 
 86 



   

 

2.1 Anesthetize the rat with isoflurane - induction chamber at 5% with 1.5–2.0 L/min O2 flow 87 
followed by 1.5–2.0% with 1.5–2.0 L/min O2 flow. This anesthesia is maintained throughout the 88 
experiment, during the resting and stress stages.  89 
 90 
2.2 Place the animal in a supine position and shave the thorax. Maintain the body temperature 91 
at 37-38 °C using the built-in warming platform. Monitor the heart rate using the software.   92 
 93 
NOTE: Proper anesthesia is crucial for maintaining the heart rate at normal physiological rates 94 
(between 295-350 beats/min).  95 
 96 
2.3 Apply ophthalmic vet ointment to prevent the dryness of eyes prior to the imaging.  97 
 98 
2.4 Perform echocardiography using 13–24 MHz linear probe (e.g., MS250) (Figure 1A). 99 
 100 
2.5 Place the animal in the supine position on the heated platform. Ensure that the anesthesia is 101 
controlled via the nose cone. Then position the probe to obtain the parasternal short axis view 102 
(PSAX) using the rail system (Figure 1B).  103 
 104 
2.6 Moving the probe in the rostral direction from the PSAX, locate the pulmonary artery (Figure 105 
1B).   106 
 107 
2.7 Move the probe slightly in the direction caudal from the pulmonary artery to view the LAD 108 
and store the image.   109 
 110 
NOTE: The LAD is difficult to find without Color Doppler, so B-Mode images of the LAD are not 111 
always possible. 112 
 113 
2.8 When individual differences make it difficult to locate the LAD coronary artery, follow the 114 
technique mentioned below:   115 
 116 
2.8.1. Move the probe lateral to the pulmonary artery.   117 
 118 
2.8.2. Angle the platform so that the animal is inclined, inverted, or slightly towards the right side 119 
so that the left ventricle is more readily visible with the probe. 120 
 121 
2.9 Once the image in B Mode is captured or cine-stored, click the Color Doppler on the touch 122 
screen (Figure 1C). Visualize the coronary artery (white arrow indicates LAD) in the short axis 123 
(Figure 1C). The red color, as seen in real time, is indicative of the direction of the flow (i.e., blood 124 
flow is towards the probe). 125 
 126 
2.10 After visualizing LAD on a color-Doppler mode, change the mode to the pulse wave (PW)-127 
mode.  Look for the presence of a yellow-indicator line on the coronary artery (Figure 2A). 128 
 129 



   

 

2.11 Place the yellow PW-line in the middle of the coronary artery. Ensure that the angle is 130 
parallel to the direction of the flow.  131 
 132 
NOTE: Velocity of the flow is highly dependent on the angle of the PW line, so be sure to match 133 
the angle of the on-screen probe with the angle of the LAD.  Use the touch screen to adjust the 134 
angle; PW angle should be less than 60°. 135 
 136 
2.12 Use cine store to capture the velocity of the resting LAD coronary flow at the peak diastole 137 
as wave forms (Figure 2B). 138 
 139 
2.13 After obtaining of resting LAD flow velocity, measure the maximum flow velocity of LAD 140 
during the stress to calculate CFR. To measure the maximum flow velocity during the stress, 141 
infuse Dobutamine at a dose of 20 µg/kg/min via tail vein8 (Figure 2C).  142 
 143 
NOTE: Dobutamine infusion should not be more than 8 min. Use an infusion pump and set the 144 
diameter of the infusion pump to 14.43 for BD 10 mL syringe.  145 
 146 
2.13.1 Use 25-G infusion butterfly set for the tail vein cannulation. To place the infusion needle, 147 
place a small strip of gauze around the base of the rat’s tail, then grab with hemostats and twist 148 
the tourniquet to apply pressure and cause the vein to enlarge.  149 
 150 
2.13.2 Place the needle while directly connected to Dobutamine syringe.  151 
 152 
NOTE: Take extra care not to accidentally introduce drug when drawing up blood to ensure 153 
proper placement of the needle in the tail vein. Also, be sure to avoid introducing an air bubble 154 
into the vein, as an embolism may be fatal to the animal. 155 
 156 
2.13.3 Once the needle is placed, stabilize it with a glue and a piece of surgical tape, securing the 157 
infusion line to the tail.  158 
 159 
2.13.4 Remove the hemostats and tourniquet to recover the flow.   160 
 161 
2.13.5 Place Dobutamine syringe in the infusion pump and set it to inject 20 µg/kg/min. 162 
  163 
2.13.6 During Dobutamine infusion, carefully monitor the LAD peak and heart rate. Periodically 164 
record LAD PW peaks in the Doppler mode, especially whenever it increases in response to 165 
Dobutamine.  166 
 167 
NOTE: The stress challenge induced by Dobutamine causes the heart to work harder; this often 168 
results in the movement of the heart and the LAD. Be prepared to move the animal, the probe, 169 
or both in order to keep the LAD in view. 170 
 171 



   

 

2.13.7 After LAD peaks and heart rate have plateaued during the challenge, stop the Dobutamine 172 
infusion, remove the tail vein infusion set and remove the animal from the platform. Allow the 173 
animal to recover in its home cage. 174 
 175 
2.14 Select Peak Vel tool to obtain the peak diastolic velocities from the images shown in Figure 176 
2B and C. 177 
 178 
2.15 Calculate the CFR index as the ratio of the LAD stress (Dobutamine) peak diastolic flow 179 
velocity to the resting LAD peak diastolic flow velocity (Figure 2A). 180 

 181 
3. Ischemia Reperfusion Injury  182 
 183 
3.1  Anesthetize rat with isoflurane - induction chamber at 5% with 1.5–2.0 L/min O2 flow 184 
followed by 1.5–2.0% with 1.5–2.0 L/min O2 flow. 185 
 186 
3.2 Confirm the depth of anesthesia by the lack of the pedal withdrawal reflex. Use ophthalmic 187 
vet ointment on the eyes to prevent dryness. Maintain the proper body temperature of 37-38 °C 188 
using a heating pad or an animal temperature controller. 189 
 190 
3.3 Administer pre-surgical Meloxicam, 5 mg/kg intramuscularly, 15 min before the surgery, 191 
followed by 2 mL subcutaneous bolus of 0.9% saline to prevent dehydration during the surgery. 192 
Using the fiber-optic light source, intubate rat using 18-gauge IV catheter and connect to the 193 
ventilator.  194 
 195 
3.4 Ligate LAD using 8-0 monofilament suture through 15 mm opening at the 5th intercostal 196 
space. Tie a plain knot and leave for 30 min. Visually confirm ischemia in all rats via discoloration 197 
of the heart surface12. Release the ligature after 30 min and verify reperfusion by the reddening 198 
of the previously discolored area of heart muscle for 1-2 min12.  199 
 200 
3.5 Close the rib cage using 4-0 absorbable suture with an interrupted suture pattern, then close 201 
the skin using 5-0 non-absorbable silk suture with continuous suture pattern. 202 
 203 
3.6 Remove the animal from anesthesia. Allow the animal to recover in the home cage. 204 
 205 
4. Ultrasound imaging after IR surgery 206 
 207 
4.1. 72 h after IR surgery, measure the coronary flow and CFR again. Compare the measurements 208 
to before IR measurements. Repeat steps 2.1 to 2.15 as described above.  209 
 210 
REPRESENTATIVE RESULTS:  211 
For this study, we used 12 female Fisher 344 rats. We performed a stress test with Dobutamine 212 
and measured LAD coronary artery velocity before and 72 hours after the IR surgery. Before the 213 
IR surgery, resting LAD coronary artery velocity was measured as 423 ± 59 mm/s, which was 214 
increased after Dobutamine infusion (1005 ± 77mm/s) (Figure 3A). After 72 h of ischemia 215 



   

 

reperfusion, resting LAD coronary artery velocity was significantly higher compared to the resting 216 
LAD coronary artery velocity before the IR surgery (743 ± 40mm/s vs 423 ± 59 mm/s) (Figure 3A). 217 
Stress response to Dobutamine test after the IR surgery was reduced compared to the before IR 218 
surgery responses (937 ± 67ms/s vs 1005 ± 77mm/s) (Figure 3A). 219 
 220 
CFR is calculated as the ratio of the peak flow velocity during stress (Dobutamine) to the resting 221 
flow velocity (measured prior to Dobutamine infusion)8.  CFR was 2.5 ± 0.35 in young rats before 222 
the IR surgery (Figure 3B) but significantly reduced (1.1 ± 0.25) after 72 h of the IR surgery, even 223 
though the resting LAD coronary artery velocity was higher in these rats compared to data 224 
obtained before IR surgery (Figure 3C). In addition, there were no significant changes in the 225 
systolic function of the left ventricle in rats after 72 h of the IR surgery (Figure 3C). 226 
 227 
FIGURE AND TABLE LEGENDS:  228 
 229 
Figure 1: Coronary artery location. A. Probe position on the rat while obtaining LAD coronary 230 
artery velocity. B. Short axis anatomical representation of the pulmonary artery, aorta, and LAD 231 
coronary artery. C. Anatomical visualization of LAD coronary artery on echocardiography.  232 
 233 
Figure 2: The Pulse Wave Velocity imaging of the LAD coronary artery. A. Representation of the 234 
pulse wave velocity sensor placement on LAD coronary artery. B. LAD coronary artery pulse wave 235 
image during the rest condition. C. LAD coronary artery pulse wave image during the stress 236 
(Dobutamine) condition.  237 
 238 
Figure 3. Measurement of the coronary flow using Doppler echocardiography. A. Pulse wave 239 
velocity measured in Control during the rest (Cont B) and during Dobutamine infusion (Cont D) 240 
and in animals after 72 h of IR surgery during the rest (IR B) and during Dobutamine challenge (IR 241 
D), p < 0.05 Cont B vs. ischemia reperfusion B (*). B.  CFR was calculated from pulse wave in the 242 
experimental animals (n=9), p < 0.05 Cont vs. IR (*). C. Fractional shortening assessment from the 243 
experimental groups (n=9). Data are presented as mean ± SD, analyzed with one-way ANOVA.   244 
 245 
DISCUSSION:  246 
The major findings from the present study are that IR increases the resting LAD coronary artery 247 
velocity and impairs CFR, even in the absence of any residual angiographic stenosis. 248 
 249 
Understanding the coronary physiology is an essential part of the clinical decision-making for 250 
cardiologists to treat coronary artery disease. CFR is one of the important functional parameters 251 
in understanding the pathophysiology of coronary microcirculation7,13. CFR is a noninvasive 252 
method to assess both coronary artery stenosis and coronary microvascular circulation and is an 253 
indicator of myocardial blood supply, explicitly the ability of the coronaries to increase blood flow 254 
under stress conditions7. A normal CFR (>2.0) often reflects a good prognosis, while CFR less than 255 
1.90 provides incremental diagnostic information for the identification of high-risk coronary 256 
artery disease14-16.  257 
 258 
Our results show that, even though the systolic function was preserved after ischemia 259 



   

 

reperfusion (Figure 3C), CFR was significantly lower (Figure 3B). Thus, recanalization of stenotic 260 
coronary arteries does not improve microvascular perfusion. Decreased CFR enables detection 261 
of impaired microvascular vasodilation after ischemia reperfusion.  262 
 263 
This study demonstrates the serial CFR evaluations to explore the effect of various 264 
pharmacological therapies using noninvasive transthoracic Doppler echocardiography. This 265 
method of coronary functional assessment can be used in small animal research as a feasible and 266 
viable clinical diagnostic tool. This will lead to minimizing the requirement of animal use, 267 
euthanasia, or necropsy in the small animal models. Critical steps in this protocol are visualizing 268 
the coronary artery and obtaining the PW velocity images of good quality. Another critical step 269 
is to maintain LAD visualization during the stress state. During Dobutamine challenge, the heart 270 
rate increases and the LAD may move from the field of view; researchers should be prepared to 271 
move the field in order to follow the coronary artery. Limitations in the current study include the 272 
relatively small sample size, the lack of correlation between CFR and the coronary artery lumen 273 
diameter in vivo in rats, due to the difficulty in obtaining accurate visualization for the size 274 
measurement of the coronary artery. However, the methods described here are reliable, 275 
reproducible, and offer insightful information on the damage inflicted on the cardiac 276 
microvasculature following ischemia reperfusion. 277 
 278 
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Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included.  All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video – Standard Access.  This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above.  In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video.  To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above.  In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above.  The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

statute.  In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 
shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 

8. Likeness, Privacy, Personality.  The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials.  If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party.  The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution.  If more than one
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author.  JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE.  JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 
 
11.  Indemnification.  The Author agrees to indemnify JoVE 
and/or its successors and assigns from and against any and all 
claims, costs, and expenses, including attorney’s fees, arising 
out of any breach of any warranty or other representations 
contained herein.  The Author further agrees to indemnify and 
hold harmless JoVE from and against any and all claims, costs, 
and expenses, including attorney’s fees, resulting from the 
breach by the Author of any representation or warranty 
contained herein or from allegations or instances of violation 
of intellectual property rights, damage to the Author’s or the 
Author’s institution’s facilities, fraud, libel, defamation, 
research, equipment, experiments, property damage, personal 
injury, violations of institutional, laboratory, hospital, ethical, 
human and animal treatment, privacy or other rules, 
regulations, laws, procedures or guidelines, liabilities and 
other losses or damages related in any way to the submission 
of work to JoVE, making of videos by JoVE, or publication in 
JoVE or elsewhere by JoVE.  The Author shall be responsible 
for, and shall hold JoVE harmless from, damages caused by 
lack of sterilization, lack of cleanliness or by contamination 
due to the making of a video by JoVE its employees, agents or 
independent contractors.  All sterilization, cleanliness or 
decontamination procedures shall be solely the responsibility 
of the Author and shall be undertaken at the Author’s 

expense.  All indemnifications provided herein shall include 
JoVE’s attorney’s fees and costs related to said losses or 
damages.  Such indemnification and holding harmless shall 
include such losses or damages incurred by, or in connection 
with, acts or omissions of JoVE, its employees, agents or 
independent contractors. 
 
12.  Fees.  To cover the cost incurred for publication, JoVE 
must receive payment before production and publication the 
Materials. Payment is due in 21 days of invoice. Should the 
Materials not be published due to an editorial or production 
decision, these funds will be returned to the Author. 
Withdrawal by the Author of any submitted Materials after 
final peer review approval will result in a US$1,200 fee to 
cover pre-production expenses incurred by JoVE.  If payment is 
not received by the completion of filming, production and 
publication of the Materials will be suspended until payment is 
received. 
 
13.  Transfer, Governing Law.  This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees.  This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to any 
conflict of law provision thereunder.  This Agreement may be 
executed in counterparts, each of which shall be deemed an 
original, but all of which together shall be deemed to me one 
and the same agreement.  A signed copy of this Agreement 
delivered by facsimile, e-mail or other means of electronic 
transmission shall be deemed to have the same legal effect as 
delivery of an original signed copy of this Agreement.   

 
A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission. 

 
CORRESPONDING AUTHOR: 

Name:   

Department:   

Institution:  

Article Title:  

Signature:   Date:  
 
Please submit a signed and dated copy of this license by one of the following three methods: 

1) Upload a scanned copy of the document as a pfd on the JoVE submission site; 
2) Fax the document to +1.866.381.2236; 
3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139 

 
For questions, please email submissions@jove.com or call +1.617.945.9051 
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Dear editors and reviews,  

Thank you for the insightful comments. We have revised this paper based on the 
suggestions. The revision to the manuscript may be found in red text. Please find our 
responses to each reviewer comment below 

Editorial comments: 

Q1: citations? 
 A1: We added more citations where it was asked.  
 
Q2: Please mention in the introduction that you are using LAD to measure the CFR and 
how? 
 A2: we added in introduction that CFR was calculated from LAD velocity 
measurement. Line 70 
 
Q3 Also, is this the resting blood flow? Please bring out this clarity because both in the 
abstract and in the introduction, this is emphasized. 
 A3: resting blood flow is recorded when animal is anesthetized and resting on the 
platforms. In the protocol we made more clear when and how we were capturing the 
resting blood flow. Line 105, 147 
 
Q4: Is this the maximal flow? Please explain in which step do you measure these two: 
maximal coronary blood flow and resting coronary blood flow  
Also, the steps following this are converted to substeps since they describe what is being 
said here. 
Also need a citation here to show that Dobutamine is acceptable for measuring maximal 
coronary blood flow.  
 A4: maximal blood flow measured during the stress is the peak blood flow during 
dobutamine infusion. Lines 150-152- step 2.13 
resting blood flow is recorded when animal is anesthetized and resting on the platforms. 
In the protocol we made more clear when and how we were capturing the resting blood 
flow. Line 105, 147 
 
Q5: Isn’t there any isoflurane in this case? 
 A5: Anesthetize rat with isoflurane - induction chamber at 5% with 1.5–2.0 L/min 
O2 flow followed by 1.5–2.0% with 1.5–2.0 L/min O2 flow. We maintain this anesthesia 
throughout the experiment, during resting and stress stages. Step 2.1 lines 99-101 
 
 
Q6: This is not clear, 72 hours later you would perform the baseline measurement, then 
after how many hours do you perform the Dobutamine infusion. Wil this not increase the 
time from reperfusion? How do you account for this.  
 
Need result figure on pulse wave velocity imaging of LAD coronary artery after I/R for 
comparison. 

Rebuttal Letter Click here to access/download;Rebuttal Letter;revision
commenst 2.6.19.docx
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 A6: All the rats were scanned and CFR was obtained before IR surgery. After 72 
hours of surgery coronary flow was obtained from resting and stress state and CFR was 
calculated.  
LAD velocity images are present before and after surgery is in figure 3A 
 
Q7: 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].” 
 A7: we don’t use any figure which have been used in any other publications 
before.   
 
Q8: Please do not make points in the Discussion section. As we are a methods journal, 

please revise the Discussion to explicitly cover the following in detail in 3-6 paragraphs 

with citations: 

a) Critical steps within the protocol 
b) Any modifications and troubleshooting of the technique 
c) Any limitations of the technique 
d) The significance with respect to existing methods 
e) Any future applications of the technique 
 
 A8: We have made the requested changes. 
 
 
 

 

 

 

 
 

   

 



Dear editors and reviews,  

Thank you for the insightful comments. We have revised this paper based on the 
suggestions. The revision to the manuscript may be found in red text. Please find our 
responses to each reviewer comment below 

Editorial comments: 
Q1. Please take this opportunity to thoroughly proofread the manuscript to 
ensure that there are no spelling or grammar issues. 

 A1. Thank you for the suggestion, proofreading was done.  

Q2. Please check either the Standard Access or Open Access checkbox in the 
Author License Agreement (ALA). Please then scan and upload the signed ALA to 
your Editorial Manager account. Please note that in the Questionnaire Responses 
Standard Access is selected. Please be consistent. 

 A2.  Thank you for your suggestion, Standard Access is marked and signed with 
new data.  

 

Q3. Please revise lines 56-58 (84-85), 76-77, 132-134, 135-137, 146-147, 205-207 to 
avoid previously published text. 

 A3. We are unaware of any previous published text that matches our wording.  

 
Q4. Keywords: Please provide at least 6 keywords or phrases. 

 A4. Additional keywords are provided 

 
Q5. Please rephrase the Summary to clearly describe the protocol and its 
applications in complete sentences between 10-50 words: “Here, we present a 
protocol to …” 

 A5. Summary was rephrased:  
Coronary flow reserve (CFR) is the ratio of maximal coronary blood flow to resting coronary 
blood flow. CFR demonstrates the importance of microvascular dysfunction. Here we present a 
protocol for evaluating CFR via ultrasound, which offers the opportunity to predict 
cardiovascular risk factors in the absence of obstructive coronary disease.  
 

 
Q6. Please rephrase the Abstract to more clearly state the goal of the protocol. A 
more detailed overview of the method and a summary of its advantages, 
limitations, and applications is appropriate. 

 A6. Abstract was changed according to the comments. Please see lines 48-64 

Rebuttal Letter Click here to access/download;Rebuttal Letter;revision
comments.docx

https://www.editorialmanager.com/jove/download.aspx?id=974691&guid=73873363-b98c-410f-8b2b-6cb20417ae84&scheme=1
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Q7. Please revise the Introduction to include all of the following: 
a) A clear statement of the overall goal of this method 
b) The rationale behind the development and/or use of this technique 
c) The advantages over alternative techniques with applicable references to 
previous studies 
d) A description of the context of the technique in the wider body of literature 
e) Information to help readers to determine whether the method is appropriate for 
their application 

 A7. We have made it more clear and changed introduction according to the 
comments.  

 

 
Q8. Please use SI abbreviations for all units: L, mL, µL, h, min, s, etc. Please use 
the micro symbol µ instead of u. Please abbreviate liters to L to avoid confusion. 

 A8 We have made the requested changes. 

 
Q9. JoVE cannot publish manuscripts containing commercial language. This 
includes trademark symbols (™), registered symbols (®), and company names 
before an instrument or reagent. Please remove all commercial language from 
your manuscript and use generic terms instead. All commercial products should 
be sufficiently referenced in the Table of Materials and Reagents. You may use 
the generic term followed by “(see table of materials)” to draw the readers’ 
attention to specific commercial names. Examples of commercial sounding 
language in your manuscript are: Vevo, FUJIFILM VisualSonics Inc., etc. 

 A9. We have removed all commercial languages from the manuscript 

 
Q10. Please include an ethics statement before your numbered protocol steps, 
indicating that the protocol follows the animal care guidelines of your institution. 

 A10. We have added the ethics statement before numbered protocol. Please see 
lines 94-96 

 
Q11. Please adjust the numbering of the Protocol to follow the JoVE Instructions 
for Authors. For example, 1 should be followed by 1.1 and then 1.1.1 and 1.1.2 if 
necessary. Please refrain from using bullets, dashes, or indentations. 

 A11. Thank you for the comment. The numbering of the protocol was adjusted as 
indicated in JoVE instructions for Author.  



 
Q12. Please order the steps properly so that the protocol can be followed in 
chronological order. 

 A12 Changes have been made as requested  

 
Q13. Please add more details to your protocol steps. There should be enough 
detail in each step to supplement the actions seen in the video so that viewers 
can easily replicate the protocol. Please ensure you answer the “how” question, 
i.e., how is the step performed? Alternatively, add references to published 
material specifying how to perform the protocol action. See examples below. 

 A13. We have added more details to the protocol.  
 

14. Lines 99-101: Please describe how to perform the open heart 
ischemia/reperfusion surgery including details such as how the rats are 
anesthetized and how proper anesthetization is confirmed and specify all surgical 
tools used. 

 A14. Open heart ischemia/reperfusion was described detailed in lines 166 -188 

 
Q15. Lines 106-107: Please mention how proper anesthetization is confirmed. 

 A15. We have added how proper anesthetization is confirmed. Lines –169 -170 

 
Q16. Line 126: How to obtain a B Mode image? 

 A16. We are obtaining image in B-Mode as described in line 124 

 
Q17. Line 139: How to infuse dobutamine via tail vein? Is a syringe used? 

 A17. We have added more detailed description of tail vein infusion. Please see 
lines 137- 152 

 
18. Lines 213-214: JoVE articles do not have an Abbreviations section. Please 
remove it and define all abbreviations before use. 

 A18. Changes have been made as requested. 
 
 



Q19. Figure 3: Please define error bars in the figure legend. Please define Cont B, 
Cont D, IR B, IR D in the figure legend. 

 A.19 Changes have been made as requested. 
 

Q20. Table of Equipment and Materials: Please sort the items in alphabetical 
order according to the name of material/equipment. 

 A20. Changes have been made as requested. 

 
 
Reviewers' comments: 
 
 
Reviewer #1: 
Manuscript Summary: 
This is interesting study, it will be more important if you can show some abnormalities of 
the coronary flow curve, 
Some recent publication shows type of diagnostic parameters for coronary flow curve. 
 
Defining Coronary Flow Patterns: Comprehensive Automation of Transthoracic Doppler 
Coronary Blood Flow. 
Sunyecz IL1, McCallinhart PE1, Patel KU1, McDermott MR1, Trask AJ2,3 
 
If you can show some specific changes during I/R it will be more interesting paper, 

Response: Thank you very for sharing this interesting paper. Unfortunately in the paper 
offered by the reviewer, curve was evaluated using MATLAB program. We do not use 
this program to analyze our data. VEVO3100 analyzing software does not have ability to 
evaluate coronary flow curve.  
 
Major Concerns: 
1. For the ultrasound image it will be good to show witch is the left side and which is the 
right side of the heart, 

Response: Thank you for your suggestion. We added the marker in the image.  

 
2, Show the animals chest and the position of the probe. 

Response: We have added additional figure to show the probe position. (Fig. 1A) 

 
3. For the coronary artery orientation (left vs right) , you need to show short axis picture, 
move to probe towards the base of the heart and be close to LVOT. This step by step 
picture diagram will help readers to understand the method and reproduce, 



Response: Thank you for your suggestions. We have different approach to find the 
coronary artery. We find pulmonary artery and move the probe toward the apex. We 
have found this method more consistent in locating the coronary artery. Please see the 
lines 109-135 

  
4. In this paper you show only the flow velocity changes. Can you also show the 
coronary artery diameter and show blood flow reserve (which is more accurate the 
velocity ration). The citation for the CFR calculation is for human study. Is there any 
animal study? 

Response: Obtaining the diameter of coronary arteries in small animals is limited and 
not consistent. Based on our experience, we cannot consistently visualize the full width 
of the coronary arteries clearly enough to obtain diameter measurement. The citation for 
the CFR calculation is for human study, but calculation is not different between the 
species. There are few studies using this method but there are no other papers where 
they are calculating CFR.  
 
Minor Concerns: 
1. Ultrasound imaging, point N5. 
Ultrasound probe cannot have 250 MHz frequency, 
This is the probe number 
Please correct and mention the frequency you used for the imaging, 

Response: Thank you for correction, you are right, probe name is MS250 -13–24 MHz 

linear probe, changes have been made.  
 
 
Reviewer #2: 
Manuscript Summary: 
The authors report a study about evaluation of coronary flow reserve after myocardial 
ischemia reperfusion in 12 female rats. 
This manuscript is generally well-written, and extends on an interesting area of 
research. Nonetheless, there are several issues that need to be addressed by the 
authors. 
 
Minor Concerns: 
-Abstract. The abstract does not explain what the authors have done. It should be 
explained at least the methods and results. 

Response: Thank you for the insightful comment.  Changes to the abstract have been 
made 
-Limitations should be included like the small sample size etc 

Response: Limitations have been added, please see lines 255-260 


