





Figure 6.2. Correlation plots between treadmill-walking test and disease severity
as assessed by ABI (a-b) and MRI-measured reactive hyperemia response
metrics and ABI (c-h). Significant correlations exist between ABI and reactive
hyperemia response time (e.g. time to peak perfusion, SvO, washout time, and
time to peak T,*).
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Figure 6.3. Average measurements at baseline and follow-up for SMC (solid)
and SER (striped). Error bars represent standard error. * indicates significant
difference between SMC and SER groups (unpaired t-test), T significant within-
group difference between baseline and follow-up (paired f-test). All of the
significant differences observed are displayed.

This preliminary analysis showed that patients enrolled in a supervised exercise
intervention had a significant increase in peak perfusion in the peroneus and across the entire
cross-section of the leg. This response may be attributed to increased angiogenesis induced by

exercise, however additional studies are needed to investigate that hypothesis. Moreover, since
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the reactive hyperemia response time is highly correlated with ABI as seen in Figure 6.2 (which
is primarily a marker of macrovascular disease), it may make sense that changes in response
time are not observed since the stenoses, which are responsible for reducing the ABI, are
relatively fixed. Future analyses will explore whether changes in the MRI-measures of vascular
function are correlated with changes in physiologic response as measured by the treadmill-

walking tests, blood markers of angiogenesis, and patient quality of life questionnaires.

133



BIBLIOGRAPHY

1. Freitas RA. Nanomedicine. Austin, Landes Bioscience, 1999.

2. Furchgott RF, Zawadzki JV. The obligatory role of endothelial cells in the relaxation of
arterial smooth muscle by acetylcholine. Nature 1980;288:373-376.

3. Luscher TF, Barton M. Biology of the endothelium. Clin Cardiol 1997;20:3—-10.
4. Blausen.com. Blausen gallery 2014. Wiver J Med 2014. doi: 10.15347/wjm/2014.010.

5. Palmer RMJ, Ferrige AG, Moncada S. Nitric oxide release accounts for the biological
activity of endothelium-derived relaxing factor. Nature 1987;327:524-526. doi:
10.1038/327524a0.

6. Deanfield JE, Halcox JP, Rabelink TJ. Endothelial function and dysfunction: testing
and clinical relevance. Circulation 2007;115:1285-1295. doi:
10.1161/CIRCULATIONAHA.106.652859.

7. Davignon J, Ganz P. Role of endothelial dysfunction in atherosclerosis. Circulation
2004;109:11127-32. doi: 10.1161/01.CIR.0000131515.03336.8.

8. Yamauchi T, Ohnaka K, Takayanagi R, Umeda F, Nawata H. Enhanced Secretion of
Endothelin-1 by Elevated Glucose-Levels From Cultured Bovine Aortic Endothelial-Cells.
FEBS Lett. 1990;267:16-18.

9. Harrison DG, Freiman PC, Armstrong ML, Marcus ML, Heistad DD. Alterations of
Vascular Reactivity in Atherosclerosis. Circulation Research 1987;61:74—80.

10. Zeiher AM, Drexler H, Saurbier B, Just H. Endothelium-Mediated Coronary Blood-
Flow Modulation in Humans - Effects of Age, Atherosclerosis, Hypercholesterolemia,
and Hypertension. J. Clin. Invest. 1993;92:652—-662. doi: 10.1172/JCI1116634.

11. Criqui MH, Fronek A, Barrett-Connor E, Klauber MR, Gabriel S, Goodman D. The
prevalence of peripheral arterial disease in a defined population. Circulation
1985;71:510-515. doi: 10.1161/01.CIR.71.3.510.

12. Meijer WT, Hoes AW, Rutgers D, Bots ML, Hofman A, Grobbee DE. Peripheral
arterial disease in the elderly: The Rotterdam study. Atheroscler Thromb Vasc Biol
1998;18:185-192. doi: 10.1161/01.ATV.18.2.185.

13. Hirsch AT, Criqui MH, Treat-Jacobson D, et al. Peripheral arterial disease detection,
awareness, and treatment in primary care. JAMA 2001;286:1317-1324. doi:
10.1001/jama.286.11.1317.

14. Mohler ER Ill. Peripheral arterial disease: Identification and implications. Arch Intern
Med 2003;163:2306—2314. doi: 10.1001/archinte.163.19.2306.

134



15. Faxon DP, Fuster V, Libby P, et al. Atherosclerotic vascular disease conference:
Writing Group IlI: Pathophysiology. Circulation 2004;109:2617—-2625. doi:
10.1161/01.CIR.0000128520.37674.EF.

16. Weitz JI, Byrne J, Clagett GP, Farkouh ME, Porter JM, Sackett DL, Strandness DE,
Taylor LM. Diagnosis and treatment of chronic arterial insufficiency of the lower
extremities: a critical review. Circulation 1996;94:3026—3049.

17. Rose GA. The diagnosis of ischaemic heart pain and intermittent claudication in field
surveys. Bull. World Health Organ. 1962;27:645—658. doi: 10.2471/blt.05.029181.

18. Kannel WB, Skinner JJ, Schwartz MJ, Shurtleff D. Intermittent claudication:
Incidence in the Framingham Study. Circulation 1970;41:875-883.

19. Peripheral artery disease. NHLBI

20. Boger RH, Bode-Boger SM, Thiele W, Junker W, Alexander K, Frolich JC.
Biochemical evidence for impaired nitric oxide synthesis in patients with peripheral
arterial occlusive disease. Circulation 1997;95:2068—-2074. doi:
10.1161/01.CIR.95.8.2068.

21. Murphy TP, Cutlip DE, Regensteiner JG, et al. Supervised exercise versus primary
stenting for claudication resulting from aortoiliac peripheral artery disease: six-month
outcomes from the claudication: exercise versus endoluminal revascularization
(CLEVER) study. Circulation 2012;125:130-139. doi:
10.1161/CIRCULATIONAHA.111.075770.

22. Mohler ER lll, Beebe HG, Salles-Cuhna S, Zimet R, Zhang P, Heckman J, Forbes
WP. Effects of cilostazol on resting ankle pressures and exercise-induced ischemia in
patients with intermittent claudication. Vasc Med 2001;6:151-156. doi:
10.1177/1358836X0100600305.

23. Widlansky ME, Gokce N, Keaney JF Jr, Vita JA. The clinical implications of
endothelial dysfunction. JACC 2003;42:1149-1160. doi: 10.1016/S0735-1097(03)00994-
X.

24. Flammer AJ, Anderson T, Celermajer DS, et al. The assessment of endothelial
function: From research into clinical practice. Circulation 2012;126:753-767. doi:
10.1161/CIRCULATIONAHA.112.093245.

25. Lopez D, Pollak AW, Meyer CH, et al. Arterial spin labeling perfusion cardiovascular
magnetic resonance of the calf in peripheral arterial disease: cuff occlusion hyperemia
vs exercise. Journal of Cardiovascular Magnetic Resonance 2015;17:23. doi:
10.1186/s12968-015-0128-y.

26. Krogh A. The supply of oxygen to the tissues and the regulation of the capillary
circulation. The Journal of Physiology 1919;52:457—-474. doi:

135



10.1113/jphysiol.1919.sp001844.

27. Krogh A. The number and distribution of capillaries in muscles with calculations of
the oxygen pressure head necessary for supplying the tissue. The Journal of Physiology
1919;52:409-415. doi: 10.1111/(ISSN)1469-7793.

28. Burton KS, Johnson PC. Reactive hyperemia in individual capillaries of skeletal
muscle. Am. J. Physiol. 1972;223:517-524. doi: 10.1161/01.res.31.6.953.

29. Klitzman B, Damon DN, Gorczynski RJ, Duling BR. Augmented tissue oxygen supply
during striated muscle contraction in the hamster. Relative contributions of capillary
recruitment, functional dilation, and reduced tissue PO2. Circulation Research
1982;51:711-721.

30. Delashaw JB, Duling BR. A study of the functional elements regulating capillary
perfusion in striated muscle. Microvascular Research 1988;36:162—-171.

31. Berg BR, Cohen KD, Sarelius IH. Direct coupling between blood flow and
metabolism at the capillary level in striated muscle. Am. J. Physiol. 1997;272:H2693—
700.

32. Fry BC, Roy TK, Secomb TW. Capillary recruitment in a theoretical model for blood
flow regulation in heterogeneous microvessel networks. Physiol Rep 2013;1:1-13. doi:
10.1002/phy2.50.

33. Hewlett AW, van Zwaluwenburg JG. Method for estimating the blood flow in the arm.
Arch Intern Med 1909;111:254—-256. doi: 10.1001/archinte.1909.00050140084007.

34. Raynaud JS, Duteil S, Vaughan JT, Hennel F, Wary C, Leroy-Willig A, Carlier PG.
Determination of skeletal muscle perfusion using arterial spin labeling NMRI: validation
by comparison with venous occlusion plethysmography. Magn. Reson. Med.
2001;46:305-311. doi: 10.1002/mrm.1192.

35. Lassen NA, Lindbjerg J, Munck O. Measurement of blood-flow through skeletal
muscle by intramuscular injection of Xenon-133. Lancet 1964;1:686—689.

36. Brevetti G, Silvestro A, Schiano V, Chiariello M. Endothelial dysfunction and
cardiovascular risk prediction in peripheral arterial disease: additive value of flow-
mediated dilation to ankle-brachial pressure index. Circulation 2003;108:2093-2098. doi:
10.1161/01.CIR.0000095273.92468.D9.

37. Kety SS, Schmidt CF. The nitrous oxide method for the quantitative determination of
cerebral blood flow in man: Theory, procedure and normal values. J. Clin. Invest.
1948;27:476-483. doi: 10.1172/JCI1101994.

38. Burchert W, Schellong S, van den Hoff J, Meyer G-J, Alexander K, Hundeshagen H.
Oxygen-15-water PET assessment of muscular blood flow in peripheral vascular

136



disease. J Nuc Med 1997;38:93-98.

39. Scremin OU, Cuevas-Trisan RL, Scremin AME, Brown CV, Mandelkern MA.
Functional electrical stimulation effect on skeletal muscle blood flow measured with H 2
15 O positron emission tomography. Arch Phys Med Rehabil 1998;79:641-646. doi:
10.1016/S0003-9993(98)90037-5.

40. Scremin OU, Figoni SF, Norman K, Scremin AME, Kunkel CF, Opava-Rutter D,
Schmitter ED, Bert A, Mandelkern M. Preamputation Evaluation of Lower-Limb Skeletal
Muscle Perfusion with H2 150 Positron Emission Tomography. American Journal of
Physical Medicine & Rehabilitation 2010;89:473-486. doi:
10.1097/PHM.0b013e3181d89b08.

41. Selberg O, Muller MJ, van den Hoff J, Burchert W. Use of positron emission
tomography for the assessment of skeletal muscle glucose metabolism. Nutrition
2002;18:323-328.

42. Schmidt MA, Chakrabarti A, Shamim-Uzzaman Q, Kaciroti N, Koeppe RA,
Rajagopalan S. Calf flow reserve with H(2)(15)O PET as a quantifiable index of lower
extremity flow. J Nuc Med 2003;44:915-919.

43. Yu G, Durduran T, Lech G, Zhou C, Chance B, Mohler ER lll, Yodh AG. Time-
dependent blood flow and oxygenation in human skeletal muscles measured with
noninvasive near-infrared diffuse optical spectroscopies. J. Biomed. Opt.
2005;10:024027. doi: 10.1117/1.1884603.

44.Yu G, Floyd TF, Durduran T, Zhou C, Wang DJ, Detre JA, Yodh AG. Validation of
diffuse correlation spectroscopy for muscle blood flow with concurrent arterial spin
labeled perfusion MRI. Opt. Express [Internet] 2007;15:1064—1075. doi:
10.1364/0e.15.001064.

45. Detre JA, Leigh JS, Williams DS, Koretsky AP. Perfusion imaging. Magn. Reson.
Med. 1992;23:37-45. doi: 10.1002/mrm.1910230106.

46. Toussaint J-F, Kwong KK, M'Kparu F, Weisskoff RM, LaRaia PJ, Kantor HL.
Perfusion changes in human skeletal muscle during reactive hyperemia measured by
echo-planar imaging. Magn. Reson. Med. 1996;35:62—69.

47. Wu W-C, Wang DJ, Detre JA, Wehrli FW, Mohler E, Ratcliffe SJ, Floyd TF.
Hyperemic flow heterogeneity within the calf, foot, and forearm measured with
continuous arterial spin labeling MRI. AJP: Heart and Circulatory Physiology
2008;294:H2129-H2136. doi: 10.1152/ajpheart.01399.2007.

48. Grozinger G, Pohmann R, Schick F, Grosse U, Syha R, Brechtel K, Rittig K,
Martirosian P. Perfusion measurements of the calf in patients with peripheral arterial
occlusive disease before and after percutaneous transluminal angioplasty using Mr
arterial spin labeling. J. Magn. Reson. Imaging 2013;40:980-987. doi:

137



10.1002/jmri.24463.

49. Elder CP, Cook RN, Chance MA, Copenhaver EA, Damon BM. Image-based
calculation of perfusion and oxyhemoglobin saturation in skeletal muscle during
submaximal isometric contractions. Magn. Reson. Med. 2010;64:852—-861. doi:
10.1002/mrm.22475.

50. Decorte N, Buehler T, Caldas de Almeida Araujo E, Vignaud A, Carlier PG.
Noninvasive Estimation of Oxygen Consumption in Human Calf Muscle through
Combined NMR Measurements of ASL Perfusion and T2 Oxymetry. J Vasc Res
2014;51:360-368. doi: 10.1159/000368194.

51. Duteil S, Wary C, Raynaud JS, Lebon V, Lesage D, Leroy-Willig A, Carlier PG.
Influence of vascular filling and perfusion on BOLD contrast during reactive hyperemia in
human skeletal muscle. Magn. Reson. Med. 2006;55:450-454. doi: 10.1002/mrm.20760.

52. Wu W-C, Mohler E, Ratcliffe SJ, Wehrli FW, Detre JA, Floyd TF. Skeletal muscle
microvascular flow in progressive peripheral artery disease: Assessment with continuous
arterial spin-labeling perfusion magnetic resonance imaging. JACC 2009;53:2372-2377.
doi: 10.1016/j.jacc.2009.03.033.

53. Moran PR. A flow velocity zeugmatographic interlace for NMR imaging in humans.
Magnetic Resonance Imaging 1982;1:197-203. doi: 10.1016/0730-725X(82)90170-9.

54. Bryant DJ, Payne JA, Firmin DN, Longmore DB. Measurement of flow with NMR
imaging using a gradient pulse and phase difference technique. J Comput Assist
Tomogr 1984,;8:588-593. doi: 10.1097/00004728-198408000-00002.

55. Moran PR, Moran RA, Karstaedt N. Verification and Evaluation of Internal Flow and
Motion - True Magnetic-Resonance Imaging by the Phase Gradient Modulation Method.
Radiology 1985;154:433—-441. doi: 10.1148/radiology.154.2.3966130.

56. Thompson RB, McVeigh ER. Real-time volumetric flow measurements with complex-
difference MRI. Magn. Reson. Med. 2003;50:1248-1255. doi: 10.1002/mrm.10637.

57. Langham MC, Jain V, Magland JF, Wehrli FW. Time-resolved absolute velocity
quantification with projections. Magn. Reson. Med. 2010;64:1599-1606. doi:
10.1002/mrm.22559.

58. Fernandez-Seara MA, Techawiboonwong A, Detre JA, Wehrli FW. MR
susceptometry for measuring global brain oxygen extraction. Magn. Reson. Med.
2006;55:967-973. doi: 10.1002/mrm.20892.

59. Langham MC, Magland JF, Epstein CL, Floyd TF, Wehrli FW. Accuracy and

precision of MR blood oximetry based on the long paramagnetic cylinder approximation
of large vessels. Magn. Reson. Med. 2009;62:333—340. doi: 10.1002/mrm.21981.

138



60. Ogawa S, Lee TM, Kay AR, Tank DW. Brain magnetic resonance imaging with
contrast dependent on blood oxygenation. Proceedings of the National Academy of
Sciences 1990;87:9868-9872.

61. Ogawa S, Menon RS, Tank DW, Kim S-G, Merkle H, Ellermann JM, Ugurbil K.
Functional brain mapping by blood oxygenation level-dependent contrast magnetic
resonance imaging: A comparison of signal characteristics with a biophysical model.
Biophysical Journal 1993;64:803—-812. doi: 10.1007/springerreference_182837.

62. Noseworthy MD, Bulte DP, Alfonsi J. BOLD magnetic resonance imaging of skeletal
muscle. Seminars in Musculoskeletal Radiology 2003;7:307-315. doi: 10.1055/s-2004-
815678.

63. Damon BM, Gore JC. Physiological basis of muscle functional MRI: Predictions
using a computer model. Journal of Applied Physiology 2004;98:264—273. doi:
10.1152/japplphysiol.00369.2004.

64. Partovi S, Karimi S, Jacobi B, et al. Clinical implications of skeletal muscle blood-
oxygenation-level-dependent (BOLD) MRI. Magn Reson Mater Phy 2012;25:251-261.
doi: 10.1007/s10334-012-0306-y.

65. Partovi S, Schulte A-C, Jacobi B, et al. Blood oxygenation level-dependent (BOLD)
MRI of human skeletal muscle at 1.5 and 3 T. J. Magn. Reson. Imaging 2012;35:1227—
1232. doi: 10.1002/jmri.23583.

66. Langham MC, Englund EK, Mohler ER Ill, Li C, Rodgers ZB, Floyd TF, Wehrli FW.
Quantitative CMR markers of impaired vascular reactivity associated with age and
peripheral artery disease. Journal of Cardiovascular Magnetic Resonance 2013;15:1-10.
doi: 10.1186/1532-429X-15-17.

67. Langham MC, Floyd TF, Mohler ER Ill, Magland JF, Wehrli FW. Evaluation of Cuff-
Induced Ischemia in the Lower Extremity by Magnetic Resonance Oximetry. JACC
2010;55:598-606. doi: 10.1016/j.jacc.2009.08.068.

68. Ledermann H-P, Schulte A-C, Heidecker H-G, Aschwanden M, Jager KA, Scheffler
K, Steinbrich W, Bilecen D. Blood oxygenation level-dependent magnetic resonance
imaging of the skeletal muscle in patients with peripheral arterial occlusive disease.
Circulation 2006;113:2929-2935. doi: 10.1161/CIRCULATIONAHA.105.605717.

69. Potthast S, Schulte A, Kos S, Aschwanden M, Bilecen D. Blood oxygenation level-
dependent MRI of the skeletal muscle during ischemia in patients with peripheral arterial
occlusive disease. Fortschr Rontgenstr 2009;181:1157—1161. doi: 10.1055/s-0028-
1109786.

70. Bernstein EF, Murphy AE, Shea MA, Housman LB. Experimental and clinical
experience with transcutaneous Doppler ultrasonic flowmeters. Arch Surg 1970;101:21—
25.

139



71. Hahn EL. Detection of sea-water motion by nuclear precession. Journal of
Geophysical Research 1960;65:776—777. doi: 10.1029/JZ065i002p00776.

72. Nayler GL, Firmin DN, Longmore DB. Blood flow imaging by cine magnetic
resonance. J Comput Assist Tomogr 1986;10:715-722.

73. Buonocore MH. Visualizing blood flow patterns using streamlines, arrows, and
particle paths. Magn. Reson. Med. 1998;40:210-226.

74. Frydrychowicz A, Winterer JT, Zaitsev M, Jung B, Hennig J, Langer M, Markl M.
Visualization of iliac and proximal femoral artery hemodynamics using time-resolved 3D
phase contrast MRI at 3T. J. Magn. Reson. Imaging 2007;25:1085-1092. doi:
10.1002/jmri.20900.

75. Langham MC, Zhou Y, Chirico EN, Magland JF, Sehgal CM, Englund EK, Mohler ER
Ill, Guo W, Barhoum S, Wehrli FW. Effects of age and smoking on endothelial function
assessed by quantitative cardiovascular magnetic resonance in the peripheral and
central vasculature. Journal of Cardiovascular Magnetic Resonance 2015;17:19. doi:
10.1186/s12968-015-0110-8.

76. Williams DS, Detre JA, Leigh JS, Koretsky AP. Magnetic resonance imaging of
perfusion using spin inversion of arterial water. Proceedings of the National Academy of
Sciences 1992;89:212-216.

77. Kim S-G. Quantification of relative cerebral blood-flow change by Flow-Sensitive
Alternating Inversion-Recovery (FAIR) technique: Application to functional mapping.
Magn. Reson. Med. 1995;34:293-301. doi: 10.1002/mrm.v34:1.

78. Kim S-G, Tsekos NV. Perfusion Imaging by a Flow-sensitive Alternating Inversion
Recovery (FAIR) Technique: Application to Functional Brain Imaging. Magn. Reson.
Med. 2005;37:425-435. doi: 10.1002/mrm.1910370321.

79. Wong EC, Buxton RB, Frank LR. Implementation of quantitative perfusion imaging
techniques for functional brain mapping using pulsed arterial spin labeling. NMR
Biomed. 1997;10:237-249. doi: 10.1002/(sici)1099-1492(199706/08)10:4/5<237::aid-
nbm475>3.0.co;2-x.

80. Buxton RB, Frank LR, Wong EC, Siewert B, Warach S, Edelman RR. A general
kinetic model for quantitative perfusion imaging with arterial spin labeling. MRM 1998.
doi: 10.1002/mrm.1910400308.

81. Alsop DC, Detre JA, Golay X, et al. Recommended implementation of arterial spin-
labeled perfusion MRI for clinical applications: A consensus of the ISMRM perfusion
study group and the European consortium for ASL in dementia. Magn. Reson. Med.
2014;73:102-116. doi: 10.1002/mrm.25197.

82. Dai W, Garcia D, de Bazelaire C, Alsop DC. Continuous flow-driven inversion for

140



arterial spin labeling using pulsed radio frequency and gradient fields. Magn. Reson.
Med. 2008;60:1488-1497. doi: 10.1002/mrm.21790.

83. Wong EC, Buxton RB, Frank LR. A theoretical and experimental comparison of
continuous and pulsed arterial spin labeling techniques for quantitative perfusion
imaging. Magn. Reson. Med. 1998;40:348-355.

84. Langham MC, Englund EK, Li C, Floyd TF, Mohler ER Ill, Wehrli FW. Balanced
tissue magnetization reduces confounding BOLD effect in post-ischemic muscle
perfusion quantification. Proceedings of the International Society for Magnetic
Resonance in Medicine 2012:2027. doi: 10.5296/ijl.v6i3.5332.s856.

85. Dixon WT, Du LN, Faul DD, Gado M, Rossnick S. Projection Angiograms of Blood
Labeled by Adiabatic Fast Passage. Magn. Reson. Med. 1986;3:454—-462.

86. Edelman RR, Siewert B, Darby DG, Thangaraj V, Nobre AC, Mesulam MM, Warach
S. Qualitative Mapping of Cerebral Blood-Flow and Functional Localization with Echo-
Planar Mr-Imaging and Signal Targeting with Alternating Radio-Frequency. Radiology
1994;192:513-520. doi: 10.1148/radiology.192.2.8029425.

87. Haacke EM, Lai S, Reichenbach JR, Kuppusamy K, Hoogenraad F, Takeichi H, Lin
WL. In vivo measurement of blood oxygen saturation using magnetic resonance
imaging: A direct validation of the blood oxygen level-dependent concept in functional
brain imaging. Hum Brain Mapp 1997;5:341-346. doi: 10.1002/(SICI1)1097-
0193(1997)5:5<341::AID-HBM2>3.0.CO;2-3.

88. Langham MC, Wehrli FW. Simultaneous mapping of temporally-resolved blood flow
velocity and oxygenation in femoral artery and vein during reactive hyperemia. Journal of
Cardiovascular Magnetic Resonance 2011;13:66. doi: 10.1186/1532-429X-13-66.

89. Wright GA, Hu BS, Macovski A. Estimating oxygen saturation of blood in vivo with
MR imaging at 1.5 T. J. Magn. Reson. Imaging 1991;1:275-283. doi:
10.1002/jmri.1880010303.

90. Lu H, Ge Y. Quantitative evaluation of oxygenation in venous vessels using T2-
Relaxation-Under-Spin-Tagging MRI. Magn. Reson. Med. 2008;60:357—-363. doi:
10.1002/mrm.21627.

91. Jain V, Magland J, Langham M, Wehrli FW. High temporal resolution in vivo blood
oximetry via projection-based T2measurement. Magn. Reson. Med. 2012;70:785-790.
doi: 10.1002/mrm.24519.

92. Lu H, Xu F, Grgac K, Liu P, Qin Q, van Zijl P. Calibration and validation of TRUST
MRI for the estimation of cerebral blood oxygenation. Magn. Reson. Med. 2011;67:42—
49. doi: 10.1002/mrm.22970.

93. Rodgers ZB, Englund EK, Langham MC, Magland JF, Wehrli FW. Rapid T2- and
141



susceptometry-based CMRO2 quantification with interleaved TRUST (iTRUST).
Neurolmage 2015;106:441—450. doi: 10.1016/j.neurocimage.2014.10.061.

94. Langham MC, Wehrli FW. Improved temporal resolution of dynamic oximetry via
keyhole acquisition for quantifying reactive hyperemia. Proceedings of the International
Society for Magnetic Resonance in Medicine 2012:1147. doi: 10.5296/ijl.v6i3.5332.s856.

95. Pauling L, Coryell CD. The magnetic properties and structure of hemoglobin,
oxyhemoglobin and carbonmonoxyhemoglobin. Proceedings of the National Academy of
Sciences 1936;22:210-216.

96. Spees WM, Yablonskiy DA, Oswood MC, Ackerman JJ. Water proton MR properties
of human blood at 1.5 Tesla: Magnetic susceptibility, T1, T2, T2* and non-Lorentzian
signal behavior. Magn. Reson. Med. 2001;45:533-542. doi: 10.1002/mrm.1072.

97. Jain V, Abdulmalik O, Propert KJ, Wehrli FW. Investigating the magnetic
susceptibility properties of fresh human blood for noninvasive oxygen saturation
quantification. Magn. Reson. Med. 2011;68:863-867. doi: 10.1002/mrm.23282.

98. Li C, Langham MC, Epstein CL, Magland JF, Wu J, Gee J, Wehrli FW. Accuracy of
the cylinder approximation for susceptometric measurement of intravascular oxygen
saturation. Magn. Reson. Med. 2011;67:808—-813. doi: 10.1002/mrm.23034.

99. Langham MC, Magland JF, Floyd TF, Wehrli FW. Retrospective correction for
induced magnetic field inhomogeneity in measurements of large-vessel hemoglobin
oxygen saturation by MR susceptometry. Magn. Reson. Med. 2009;61:626—633. doi:
10.1002/mrm.21499.

100. Damon BM, Hornberger JL, Wadington MC, Lansdown DA, Kent-Braun JA. Dual
gradient-echo MRI of post-contraction changes in skeletal muscle blood volume and
oxygenation. Magn. Reson. Med. 2007;57:670-679. doi: 10.1002/mrm.21191.

101. Lebon V, Brillault-Salvat C, Bloch G, Leroy-Willig A, Carlier PG. Evidence of muscle
BOLD effect revealed by simultaneous interleaved gradient-echo NMRI and myoglobin
NMRS during leg ischemia. Magn. Reson. Med. 1998;40:551-558. doi:
10.1016/j.jelekin.2015.04.002.

102. Sanchez OA, Copenhaver EA, Elder CP, Damon BM. Absence of a significant
extravascular contribution to the skeletal muscle BOLD effect at 3 T. Magn. Reson. Med.
2010;64:527-535. doi: 10.1002/mrm.22449.

103. Partovi S, Karimi S, Jacobi B, et al. Clinical implications of skeletal muscle blood-
oxygenation-level-dependent (BOLD) MRI. Magn Reson Mater Phy 2012;25:251-261.
doi: 10.1007/s10334-012-0306-y.

104. Ledermann H-P, Heidecker H-G, Schulte A-C, Thalhammer C, Aschwanden M,
Jaeger KA, Scheffler K, Bilecen D. Calf muscles imaged at BOLD MR: Correlation with

142



TcP 02 and flowmetry measurements during ischemia and reactive hyperemia—initial
experience. Radiology 2006;241:477-484. doi: 10.1148/radiol.2412050701.

105. Slade JM, Towse TF, Gossain VV, Meyer RA. Peripheral microvascular response
to muscle contraction is unaltered by early diabetes but decreases with age. Journal of
Applied Physiology 2011;111:1361-1371. doi: 10.1152/japplphysiol.00009.2011.

106. Towse TF, Slade JM, Ambrose JA, DeLano MC, Meyer RA. Quantitative analysis of
the postcontractile blood-oxygenation-level-dependent (BOLD) effect in skeletal muscle.
Journal of Applied Physiology 2011;111:27-39. doi: 10.1152/japplphysiol.01054.20009.

107. Elder CP, Cook RN, Wilkens KL, Chance MA, Sanchez OA, Damon BM. A method
for detecting the temporal sequence of muscle activation during cycling using MRI.
Journal of Applied Physiology 2011;110:826—833. doi: 10.1152/japplphysiol.00185.2010.

108. Richardson RS, Haseler LJ, Nygren AT, Bluml S, Frank LR. Local perfusion and
metabolic demand during exercise: a noninvasive MRI method of assessment. Journal
of Applied Physiology 2001;91:1845-1853.

109. Brillault-Salvat C, Giacomini E, Jouvensal L, Wary C, Bloch G, Carlier PG.
Simultaneous determination of muscle perfusion and oxygenation by interleaved NMR
plethysmography and deoxymyoglobin spectroscopy. NMR Biomed. 1997;10:315-323.

110. Walvick RP, Lim RP, Lee VS. Simultaneous acquisition of quantitative ASL and T2*
(SQUAB) for characterization of skeletal muscle hemodynamics. Proceedings of the
International Society for Magnetic Resonance in Medicine 2012;20:160.

111. Mendes JK, Hanrahan CJ, Layec G, Hart C, Richardson RS, Lee VS. Simultaneous
measurement of perfusion and BOLD changes in calf muscle during exercise.
Proceedings of the International Society for Magnetic Resonance in Medicine
2013;21:3047.

112. Mendes JK, Hanrahan CJ, Zhang JL, Layec G, Hart C, Lee VS. A novel sequence
to simultaneously measure R2, R2*, and perfusion. Proceedings of the International
Society for Magnetic Resonance in Medicine 2014;22:4567.

113. Mathewson KW, Haykowsky MJ, Thompson RB. Feasibility and reproducibility of
measurement of whole muscle blood flow, oxygen extraction, and VO2 with dynamic
exercise using MRI. Magn. Reson. Med. 2015;74:1640-1651. doi: 10.1002/mrm.25564.

114. He X, Yablonskiy DA. Quantitative BOLD: Mapping of human cerebral
deoxygenated blood volume and oxygen extraction fraction: Default state. Magn. Reson.
Med. 2006;57:115-126. doi: 10.1002/mrm.21108.

115. Zheng J, An H, Coggan AR, Zhang X, Bashir A, Muccigrosso D, Peterson LR,
Gropler RJ. Noncontrast skeletal muscle oximetry. Magn. Reson. Med. 2013;71:318—
325. doi: 10.1002/mrm.24669.

143



116. Buck AKW, Elder CP, Donahue MJ, Damon BM. Matching of postcontraction
perfusion to oxygen consumption across submaximal contraction intensities in exercising
humans. J. Appl. Physiol. 2015;119:280-289. doi: 10.1152/japplphysiol.01027.2014.

117. Zhang JL, Hanrahan CJ, Mendes JK, Layec G, Hart C, Carlston K, Mueller M,
Richardson RS, Lee VS. Muscle perfusion reserve (MPR) measured from exercise-
recovery MRI: a new functional index for diagnosing PAD. Proceedings of the
International Society for Magnetic Resonance in Medicine 2015;23:4248.

118. Criqui MH, Langer RD, Fronek A, Feigelson HS, Klauber MR, McCann TJ, Browner
D. Mortality Over a Period of 10 Years in Patients with Peripheral Arterial-Disease. New
England Journal of Medicine 1992;326:381-386. doi: 10.1056/NEJM199202063260605.

119. Bragadeesh T, Sari |, Pascotto M, Micari A, Kaul S, Lindner JR. Detection of
peripheral vascular stenosis by assessing skeletal muscle flow reserve. JACC
2005;45:780—785. doi: 10.1016/j.jacc.2004.11.045.

120. Lebon V, Carlier PG, Brillault-Salvat C, Leroy-Willig A. Simultaneous measurement
of perfusion and oxygenation changes using a multiple gradient-echo sequence:
Application to human muscle study. Magnetic Resonance Imaging 1998;16:721-729.

121. Li C, Langham MC, Epstein CL, Magland JF, Wu J, Gee J, Wehrli FW. Accuracy of
the cylinder approximation for susceptometric measurement of intravascular oxygen
saturation. Magn. Reson. Med. 2011;67:808-813. doi: 10.1002/mrm.23034.

122. van Vaals JJ, Brummer ME, Dixon WT, Tuithof HH, Engels H, Nelson RC, Gerety
BM, Chezmar JL, Boer den JA. “Keyhole” method for accelerating imaging of contrast
agent uptake. J. Magn. Reson. Imaging 1993;3:671-675. doi: 10.1002/jmri.1880030419.

123. Magland JF, Wehrli FW. Pulse sequence programming in a dynamic visual
Environment. Proceedings of the International Society for Magnetic Resonance in
Medicine 2006;14:3032.

124. Wu W-C, Wang DJ, Detre JA, Ratcliffe SJ, Floyd TF. Transit delay and flow
quantification in muscle with continuous arterial spin labeling perfusion-MRI. J. Magn.
Reson. Imaging 2008;28:445-452. doi: 10.1002/jmri.21322.

125. Lu H, Clingman C, Golay X, van Zijl PCM. Determining the longitudinal relaxation
time (T1) of blood at 3.0 Tesla. Magn. Reson. Med. 2004;52:679—-682. doi:
10.1002/mrm.20178.

126. Gold GE, Han E, Stainsby J, Wright G, Brittain J, Beaulieu C. Musculoskeletal MRI
at 3.0 T: relaxation times and image contrast. American Journal of Roentgenology
2004;183:343-351. doi: 10.2214/ajr.183.2.1830343.

127. Versluis B, Backes WH, van Eupen MGA, et al. Magnetic resonance imaging in
peripheral arterial disease: reproducibility of the assessment of morphological and

144



functional vascular status. Investigative Radiology 2011;46:11-24. doi:
10.1097/RL1.0b013e3181f2bfb8.

128. Etsuda H, Takase B, Uehata A, et al. Morning attenuation of endothelium-
dependent, flow-mediated dilation in healthy young men: possible connection to morning
peak of cardiac events? Clin Cardiol 1999;22:417—421. doi:
10.1109/ieeestd.2008.4475826.

129. Nadel ER, Fortney SM, Wenger CB. Effect of hydration state of circulatory and
thermal regulations. J Appl Physiol Respir Environ Exerc Physiol 1980;49:715-721.

130. Bungum L, Kvernebo K, Oian P, Maltau JM. Laser doppler-recorded reactive
hyperaemia in the forearm skin during the menstrual cycle. BJOG 1996;103:70-75. doi:
10.1111/j.1471-0528.1996.tb09517 ..

131. Parkes LM, Rashid W, Chard DT, Tofts PS. Normal cerebral perfusion
measurements using arterial spin labeling: Reproducibility, stability, and age and gender
effects. Magn. Reson. Med. 2004;51:736—743. doi: 10.1002/mrm.20023.

132. Proctor DN, Le KU, Ridout SJ. Age and regional specificity of peak limb vascular
conductance in men. Journal of Applied Physiology 2005;98:193-202. doi:
10.1152/japplphysiol.00704.2004.

133. Schulte A-C, Aschwanden M, Bilecen D. Calf Muscles at Blood Oxygen Level-
Dependent MR Imaging: Aging Effects at Postocclusive Reactive Hyperemia 1.
Radiology 2008;247:482—-489. doi: 10.1148/radiol.2472070828.

134. Englund EK, Langham MC, Ratcliffe SJ, Fanning MJ, Wehrli FW, Mohler ER I,
Floyd TF. Multiparametric assessment of vascular function in peripheral artery disease:
dynamic measurement of skeletal muscle perfusion, blood-oxygen-level dependent
signal, and venous oxygen saturation. Circulation: Cardiovascular Imaging
2015;8:e002673—e002673. doi: 10.1161/CIRCIMAGING.114.002673.

135. Anderson JD, Epstein FH, Meyer CH, et al. Multifactorial determinants of functional
capacity in peripheral arterial disease: uncoupling of calf muscle perfusion and
metabolism. JACC 2009;54:628—635. doi: 10.1016/j.jacc.2009.01.080.

136. Jiji RS, Pollak AW, Epstein FH, et al. Reproducibility of rest and exercise stress
contrast-enhanced calf perfusion magnetic resonance imaging in peripheral arterial
disease. Journal of Cardiovascular Magnetic Resonance 2013;15:14. doi: 10.1186/1532-
429X-15-14.

137. Roberts DA, Detre JA, Bolinger L, Insko EK, Lenkinski RE, Pentecost MJ, Leigh JS.
Renal perfusion in humans: MR imaging with spin tagging of arterial water. Radiology
1995;196:281-286. doi: 10.1148/radiology.196.1.7784582.

138. Maccotta L, Detre JA, Alsop DC. The efficiency of adiabatic inversion for perfusion

145



imaging by arterial spin labeling. NMR Biomed. 1997;10:216-221.

139. Fronek A, Coel M, Bernstein EF. Quantitative Ultrasonographic Studies of Lower-
Extremity Flow Velocities in Health and Disease. Circulation 1976;53:957-960. doi:
10.1161/01.CIR.53.6.957.

140. Bernink PJLM, Lubbers J, Barendsen GJ, Van den Berg J. Blood-Flow in the Calf
During and After Exercise - Measurements with Doppler Ultrasound and Venous
Occlusion Plethysmography in Healthy-Subjects and in Patients with Arterial Occlusive
Disease. Angiology 1982;33:146—160.

141. Aslan S, Xu F, Wang PL, Uh J, Yezhuvath US, van Osch M, Lu H. Estimation of
labeling efficiency in pseudocontinuous arterial spin labeling. Magn. Reson. Med.
2010;63:765—771. doi: 10.1002/mrm.22245.

142. Englund EK, Langham MC, Li C, Rodgers ZB, Floyd TF, Mohler ER Ill, Wehrli FW.
Combined measurement of perfusion, venous oxygen saturation, and skeletal muscle
T2* during reactive hyperemia in the leg. Journal of Cardiovascular Magnetic Resonance
2013;15:1-13. doi: 10.1186/1532-429X-15-70.

143. Magland JF, Li C, Langham MC, Wehrli FW. Pulse sequence programming in a
dynamic visual environment: SequenceTree. Magn. Reson. Med. 2016;75:257-265. doi:
10.1002/mrm.25640.

144. Mildner T, Trampel R, Moller HE, Schafer A, Wiggins CJ, Norris DG. Functional
perfusion imaging using continuous arterial spin labeling with separate labeling and
imaging coils at 3 T. Magn. Reson. Med. 2003;49:791-795. doi: 10.1002/mrm.10438.

145. Wu W-C, Fernandez-Seara M, Detre JA, Wehrli FW, Wang DJ. A theoretical and
experimental investigation of the tagging efficiency of pseudocontinuous arterial spin
labeling. Magn. Reson. Med. 2007;58:1020—-1027. doi: 10.1002/mrm.21403.

146. Wong EC. Vessel-encoded arterial spin-labeling using pseudocontinuous tagging.
Magn. Reson. Med. 2007;58:1086—1091. doi: 10.1002/mrm.21293.

147. Jain V, Langham MC, Wehrli FW. MRI estimation of global brain oxygen
consumption rate. JCBFM 2010;30:1598-1607. doi: 10.1038/jcbfm.2010.49.

148. Rodgers ZB, Jain V, Englund EK, Langham MC, Wehrli FW. High temporal
resolution MRI quantification of global cerebral metabolic rate of oxygen consumption in
response to apneic challenge. JCBFM 2013;33:1514—-1522. doi:
10.1038/jcbfm.2013.110.

149. Barhoum S, Langham MC, Magland JF, Rodgers ZB, Li C, Rajapakse CS, Webhrli

FW. Method for rapid MRI quantification of global cerebral metabolic rate of oxygen.
JCBFM 2015;35:1616—1622. doi: 10.1038/jcbfm.2015.96.

146



150. Hirsch AT, Haskal ZJ, Hertzer NR, et al. ACC/AHA 2005 Guidelines for the
management of patients with peripheral arterial disease (lower extremity, renal,
mesenteric, and abdominal aortic): Executive summary - A collaborative report from the
American Association for Vascular Surgery/Society for Vascular Surgery, Society for
Cardiovascular Angiography and Interventions, Society for Vascular Medicine and
Biology, Society of Interventional Radiology, and the ACC/AHA Task Force on Practice
Guidelines (Writing Committee to Develop Guidelines for the Management of Patients
With Peripheral Arterial Disease). JACC 2006;47:1239-1312. doi:
10.1016/j.jacc.2005.10.009.

151. Harris LM, Faggioli GL, Shah R, Koerner N, Lillis L, Dandona P, Izzo JL, Snyder B,
Ricotta JJ. Vascular reactivity in patients with peripheral vascular disease. American
Journal of Cardiology 1995;76:207-212. doi: 10.1016/S0002-9149(99)80066-6.

152. Lijmer JG, Hunink MG, van den Dungen JJ, Loonstra J, Smit AJ. ROC analysis of
noninvasive tests for peripheral arterial disease. Ultrasound Med Biol 1996;22:391-398.

153. Hiatt WR. Medical treatment of peripheral arterial disease and claudication. New
England Journal of Medicine 2001;344:1608-1621. doi:
10.1056/NEJM200105243442108.

154. Criqui MH, Denenberg JO. The generalized nature of atherosclerosis: how
peripheral arterial disease may predict adverse events from coronary artery disease.
Vasc Med 1998;3:241-245. doi: 10.1177/1358836X9800300311.

155. Pollak AW, Meyer CH, Epstein FH, Jiji RS, Hunter JR, DiMaria JM, Christopher JM,
Kramer CM. Arterial spin labeling MR imaging reproducibly measures peak-exercise calf
muscle perfusion in healthy volunteers and patients with peripheral arterial disease.
JACC: Cardiovascular Imaging 2012;5:1224—-1230. doi: 10.1016/j.jcmg.2012.03.022.

156. Wigmore DM, Damon BM, Pober DM, Kent-Braun JA. MRI measures of perfusion-
related changes in human skeletal muscle during progressive contractions. Journal of
Applied Physiology 2004;97:2385-2394. doi: 10.1152/japplphysiol.01390.2003.

157. Aboyans V, Criqui MH, Abraham P, et al. Measurement and Interpretation of the
Ankle-Brachial Index: A Scientific Statement From the American Heart Association.
Circulation 2012;126:2890-2909. doi: 10.1161/CIR.0b013e318276fbcb.

158. Stein R, Hriljac I, Halperin JL, Gustavson SM, Teodorescu V, Olin JW. Limitation of
the resting ankle—brachial index in symptomatic patients with peripheral arterial disease.
Vasc Med 2006;11:29-33. doi: 10.1191/1358863x06vm6630a.

159. Gardner AW, Katzel LI, Sorkin JD, Bradham DD, Hochberg MC, Flinn WR,
Goldberg AP. Exercise rehabilitation improves functional outcomes and peripheral
circulation in patients with intermittent claudication: A randomized controlled trial. J Am
Geriatr Soc 2001;49:755-762. doi: 10.1046/j.1532-5415.2001.49152 .x.

147



160. McDermott MM, Ferrucci L, Guralnik JM, Dyer AR, Kiang Liu, Pearce WH, Clark E,
Yihua Liao, Criqui MH. The ankle-brachial index is associated with the magnitude of
impaired walking endurance among men and women with peripheral arterial disease.
Vasc Med 2010;15:251-257. doi: 10.1177/1358863X10365181.

161. Szuba A, Oka RK, Harada R, Cooke JP. Limb hemodynamics are not predictive of
functional capacity in patients with PAD. Vasc Med 2006;11:155-163. doi:
10.1177/1358863x06074828.

162. Englund EK, Rodgers ZB, Langham MC, Mohler ER Ill, Floyd TF, Wehrli FW.
Simultaneous measurement of microvascular and macrovascular blood flow and
oxygenation in the leg. Proceedings of the International Society for Magnetic Resonance
in Medicine 2014;22:722.

163. Chance B, Nioka S, Kent J, McCully K, Fountain M, Greenfeld R, Holtom G. Time-
resolved spectroscopy of hemoglobin and myoglobin in resting and ischemic muscle.
Anal. Biochem. 1988;174:698-707.

164. Mesquita RC, Putt M, Chandra M, et al. Diffuse optical characterization of an
exercising patient group with peripheral artery disease. J. Biomed. Opt. 2013;18:57007.
doi: 10.1117/1.JB0O.18.5.057007.

165. Rodgers ZB, Kini L, Jain V, Langham MC, Magland JF, Wehrli FW. High temporal
resolution, simultaneous quantification of intravascular blood flow and oxygen saturation
with BRISK k-space sampling. Proceedings of the International Society for Magnetic
Resonance in Medicine 2013;21:1351.

148



