
abdomen   68, 122, 198, 215, 236
abdomen gluteal regions   235–236
absorption   38–39, 104
acclimation   80, 143–145, 148, 

229, 235, 246
acclimatization   64, 132, 144, 235, 

248
acetylcholine   45, 50, 111–112, 

118, 120
acromion   206–207
adenosine-tri-phosphate (ATP)   

48, 107, 131, 133–134
adrenaline   50, 105, 120
air humidity   123–124
air velocity   123–124
alpha adrenoceptors   130
ambient air   41, 70, 115
ambient temperature, choice of   

228
anaesthesia   127
ankle   201–202, 220, 236
	 lateral   217–218
	 left   220
ankle region   217–218
anterior axillary fold   206
anterior forearm   79–80, 208
anterior knee   81
antimonide   3
anxiety   119, 126
apocrine glands   118, 121
arms   79, 194–199, 230–231, 233
	 crossing   230
	 upper   122, 196–197, 208–209
arterio-venous anastomoses 

(AVAs)   132
arthritis   193, 230–231, 236–237
ATP, see adenosine-tri-phosphate

Index

autonomic responses   68, 110, 
128–130

autonomic temperature regulation 
loop   53

AVAs, see arterio-venous 
anastomoses

axillary fold   197–198, 208–209
	 anterior   206
axons   60, 62

basal   64, 97–98, 101, 115, 131
basal metabolic rate (BMR)   45, 

57, 64, 67, 97–98, 102–103, 
133

basic thermal physics   9–10, 12, 
14, 16, 18, 20, 22, 24, 26, 28, 
30, 32, 34, 36, 38

basic thermal physiology   45–46, 
48, 50, 52, 54, 56, 58, 60, 62, 
64, 66, 68, 70, 72, 74

biology   6, 32, 163, 174
biometeorology   144
black body radiators   35
blackbody emissivity   38
blackbody reference   177, 180
blackbody source   181
bladder   55, 60, 71–73
blood   98, 111, 114, 142
blood flow   53, 64, 91, 111, 113, 

131–132, 142
blood flow rate   145
blood pressure   137–138
blood vessels   52, 111–112, 223
blood volume   111, 130, 140
BMR, see basal metabolic rate
BMR measurements   102
body cooling   130–131
body functions   137, 247
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body heat   85, 147
body heat balance   63
body heat balance equation    

84–86, 96, 100–101, 139
body heat equation   83–84
body heat loss   78, 147
body movement   27
body positions
	 maintaining   108
	 provocative   229
	 vertical   140
body posture   88
	 changing   129
body region
	 lower   235–236
	 symptomatic   226
body size   97, 102, 105, 135
body surface
	 human   193
	 total   27, 34, 85, 96, 100
body sweat loss   125
body temperature   47, 52, 64, 66, 

68, 71, 77, 85–86, 126–128, 
141

	 cooler   145
	 elevated deep   68
	 increased   128
body temperature deviation   63
body temperature measurements   

52, 75
body temperature regulation   

66–67
body temperature threshold values   

64
body trunk   193
body weight   85, 100, 102
boundary layer, natural convective   

94
brain   50, 55, 63, 70, 72, 92, 132
	 human   61
brain temperatures   72
breast cancer   5
breath-holding periods   233

brown adipose tissue   62,  
105–106, 133

brown fat   92, 95–96, 105–106, 
133

brown fat temperature   106

calcitonin gene related peptide 
(CGRP)   45, 113

calorimetric bomb   18
camera lens   194
camera systems   1, 165, 168, 170, 

177, 179, 188
camphor   55
carbohydrates   16, 49, 133–135
cardiac arrest   139, 141–142
cardiac output   111, 137–138
cardiovascular system   70, 111, 

137
carpal tunnel syndrome   230, 239
carpo-metacarpal joint   210–215
cell membrane   50, 130
cells
	 endothelial   112, 114, 131
	 myoepithelial   118–119
	 secretory   119–120
	 smooth muscle   111–114
	 white fat   105–106
central nervous system   45, 54–55, 

130
CESM, see Cold Exposure Survival 

Model
CGRP, see calcitonin gene related 

peptide
circadian rhythms   77
circadian variations   77
clothing   67, 89–91, 104, 110, 

125–126, 129, 136, 148, 191, 
246

clothing insulation   91
clothing layers   125
cold exposure   88, 95, 98, 132, 

134, 139, 148
Cold Exposure Survival Model 

(CESM)   45, 139
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complex regional pain syndrome 
(CRPS)   230, 236–237, 248

consciousness   136–137
constant temperature gradient   83
contact temperature 

measurements   81
convection   23, 26, 30, 41, 83–84, 

88, 93, 110, 115
	 forced   27–28, 30
convection coefficient   26–27, 30, 

123
cool temperatures, non-painful   55
core stability, common challenges 

to maintaining   94–95, 97, 99, 
101, 103, 105, 107, 109

core temperature   47, 53–54, 64, 
68–69, 72–74, 76–77, 83, 86, 
107, 111–113, 126–128,  
130–131, 134–139, 141, 
146–148

	 elevated   127
	 estimating   75–76
	 extra-cerebral   72
	 maintaining   109
	 threshold   64
core temperature measurement   

136
core temperature monitoring   69, 

73
CRPS, see complex regional pain 

syndrome
cubital fold   208–209
	 popliteal   217–218
cutaneous vascular conductance 

(CVC)   111, 113–114
cutaneous vasodilation, active   

112, 130
CVC, see cutaneous vascular 

conductance
cystic fibrosis   45, 117–118
cytokines   128

deep body heat   147

deep body temperature   52–53, 
56, 64, 68, 77–78, 128, 147

deltoid muscles   197–198,  
208–209

dermal ducts   117, 120
diagnosis   118, 139, 226, 248
distal interphalangeal joint   82, 

211–215
DMH, see dorsomedial 

hypothalamus
dorsal hands   80, 221, 239, 248
dorsal horn   59–60
dorsal neck   229
dorsal root ganglia (DRGs)   60
dorsal surface   202, 235
dorsomedial hypothalamus (DMH)   

62–63
DRGs, see dorsal root ganglia
drowning   140
DuBois area   85–86, 100–101
DuBois formula   85, 100

eccrine   116, 118, 121
eccrine sweat glands   117–120
EDHFs, see endothelial derived 

hyperpolarization factors
elbow   196–198, 208–209, 233
	 lateral   209
	 left   206–207, 215
	 medial   208
	 right   206–207, 215
endothelial derived 

hyperpolarization factors 
(EDHFs)   46, 113

energy
	 kinetic   9, 17
	 potential   15, 17, 21
	 radiant   30, 33–35, 37
energy exchange   9, 19, 48
energy release   16–17
energy transfer   19, 39
energy transformations   16, 20–21
entropy, negative   21–22
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evaporative heat loss   57, 64, 78, 
84, 88, 115, 123

exercise, lower body   74
exercise oesophageal temperatures   

73

fever screening   5, 76–77
finger movements   230, 235
fingers
	 index   211–212, 239, 241
	 little   214–215, 238–239, 241
	 middle   198, 212–213   ring   

213–214
	 thumb 210–211
fingertip   210–215, 240, 245–246
fluid displacement   28–29
focal heat accumulations   93
focal plane array IR imager   168
folding hands   230
forearms   79, 113, 230–231, 235, 

241
	 anterior  79–80, 208
forehead   69, 122, 204
free enthalpy   21

gastrointestinal temperatures   73
germanium   168–169
glabrous skin   119, 132
glands   92, 117–119
	 apo-eccrine   116, 119–120
	 sudoral   116–117
gluteal fold   217
Grashof number   27–28
greenhouse   40
grey body   37–38
grey body radiator   37
groin   198, 216
	 left   215
	 right   215

hand arm vibration syndrome 
(HAVS)   222

HAVS, see hand arm vibration 
syndrome

heart   55, 60, 111, 140
heart rate   111, 137–138, 146
heat
	 circulatory convection of   64, 66
	 conductive   23
	 dark   1
	 metabolic   68, 87, 90
	 natural   192
heat absorption   84
heat acclimation   145–147
	 isothermal   145
heat accumulation   93
heat adaptation   145–146
heat balance   63, 66, 81, 84, 86
heat balance equation   83, 101
heat capacity   12, 26, 56, 86, 

91–93
	 molar   12
	 total   86
	 volumetric   25
heat conduction   23, 93
heat conductivity   27, 93
heat conservation   141
heat defence mechanisms   65, 126
heat dissipation   25, 53, 83, 110, 

112, 125–126, 128–129
	 active   127
heat exchange   128
heat exchange calculations   94
heat exhaustion   126
heat flows, convective   85
heat flux   12, 15, 26, 34, 96
heat flux density   12
heat gain   66, 83, 94, 128
	 external   114
heat generation, biological   106
heat production
	 basal body   78
	 facultative   133
	 involuntary   132
	 obligatory   95
	 shivering-induced   148
	 spontaneous   25
	 total skeletal muscle   109
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heat sensation   92, 226
heat shock protein   46, 146
heat shock response (HSR)   46, 

146
heat stimuli   57
heat stroke
	 classic   127
	 exertional   127
heat training   146
heat transfer   9, 16–17, 19, 21–27, 

29–31, 33, 35, 37, 39–41,  
83–84, 87, 89–91, 93, 110, 129

	 conductive   27, 46, 84, 91
	 convective   26, 41, 84
	 evaporative   46, 84
	 latent   40
heat transfer coefficient   35, 46
hip   200, 236
	 lateral   217–218
hormones   49–50
HSR, see heat shock response
human body imaging   192
human body temperature   9, 52
human physiology   48–49, 51
human skin   1, 56, 169
humidity   123–124, 144, 191
hydrogen atoms   16–17
hyoid bone   195–196
hyperabduction   233, 238–239
hyperpolarization   114
hyperthermia   126–127, 228, 248
	 induced   126, 136
	 regulated   127
hypothalamus   55, 58, 61–64, 70, 

133–134
hypothermia   135–137, 139–141, 

228
	 accidental   136–137, 139
	 forced   135–136
	 induced   141–143
	 mild   137
	 moderate   137
	 severe   138–139
	 therapeutic   141–143

hypothermic cardiac arrest   139
hypothermic treatment   142
hypothetical body   35
hypothyroidism   133

iliac crest   199–200
image acquisition   169, 185, 191
image analysis   174, 202
image capture   229, 237
image composition   188
image content   172
image deterioration   168
image evaluation   237, 239, 241, 

243, 245
immersion
	 cold   139–140
	 cold-water   139–140
index finger   211–212, 239, 241
indium   3
indium antimonide   1–2, 164, 167
infrared equipment operation   

185, 187
infrared imaging   1–2, 76, 164, 

171, 192
infrared radiation   1, 9, 39–40, 76, 

83, 94, 110, 163, 168, 177
infrared thermal imagers    

163–164, 166, 168, 170, 172, 
174

infrared thermography   36, 81, 
171

ingestible telemetric temperature 
sensors   74

inhomogeneous heat distribution   
93

injuries   222, 226
	 acute short sub-lethal heat   146
inner canthi   76–77, 205
insulating floor mat   236–237
IR cameras   77, 172, 180, 183
ischaemia   141

knee   81, 201, 217–218
	 anterior  81
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	 posterior   81
	 medial   217–218

latent heat   115, 125
latent heat of fusion   40
latent heat of vaporization   41, 

115
layers
	 dynamic boundary   30
	 thermal boundary   30
least observed metabolic rate 

(LOMR)   46, 97–99
lipids   49, 121, 133–134
liquid nitrogen   2, 165, 180
local cooling   130–132, 223
local heating   113
	 rapid   113–114
local temperature   131
LOMR, see least observed 

metabolic rate
lower legs   79–80, 200–202,  

218–219, 236–237
	 left   218–219
	 right   218–219

man-made heat sources   110
medial malleolus   220
medical thermography   172, 174, 

191, 193, 195, 197, 199, 201, 
203, 205, 207, 209, 211, 213, 
215

	 standard protocols for   191, 
193, 195, 197, 199, 201, 203, 
205, 207, 209, 211, 213, 215, 
217, 219

medicine, veterinary   6
mercury cadmium telluride    

166–167
metabolic body size   96–97
metabolic heat production   46, 57, 

64, 78, 85, 99–100, 125, 133
metabolic heat rate   115
metabolic rate   96–99
metacarpal   242, 245

metacarpal bones   240, 246
metacarpophalangeal joint   82, 88, 

210–211
metacarpus   210–215
midbrain   59, 62–63
middle finger   198, 212–213
minerals   49, 116
modified Adson´s manoeuvre  

232–233, 238–239
muscular contractions   107–108

natal cleft   199, 216
natural convection   26–27, 30
natural fevers   128
naviculare bone   220
neural pathways   63, 129
neurons
	 motor  61
	 second order   59–60
	 sensory 60–61
neurophysiology   57, 143
neurotransmitter   50, 130
Newton’s law   22–23
nitric oxide   46, 112–114, 131
non-black body radiator   37
non-glabrous skin   129, 132
non-shivering thermogenesis    

62–63, 66–67, 95, 105,  
132–133, 147

oesophagus   70–71, 73, 76
Ohm’s law   23–24
osteoarthritis   230, 236–237

PACAP, see pituitary adenylate 
cyclase-activating peptide

papillary regions   130
paraventricular nucleus   47, 

62–63
patient preparation   191, 229, 

231, 233, 235
peak metabolic rate (PMR)   47, 

98–99
peripheral nervous system   55
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peripheral thermoreceptors    
54–56, 58, 134

phalanx, basic   241
photon detectors   164
pituitary adenylate cyclase-

activating peptide (PACAP)   
47, 112

Planck’s law   36
PMR, see peak metabolic rate
POA, see pre-optic area
post-rescue death   140–141
posterior axillary fold   207
posterior forearm   209
posterior knee   81
Prandtl’s number   30
pre-optic area   47, 61–62,  

133–134
pre-optic area (POA)   47, 61–63
proteins   49–50, 56, 105, 121, 

133–134
proximal interphalangeal joint   

211–215
pulmonary artery   70–72

quality assurance procedures   
177, 179, 181, 183

radiant exitance   33, 35
radiant flow   33–34
radiation terms, glossary of   33
Raynaud’s phenomenon   221–222, 

234, 240–246
raphe/peripyramidal area   47, 

62–63
rectal measurements   73, 75
rectal temperature   48, 69, 72–76, 

78, 137
	 true   75
rectal temperature measurements   

75
rectal temperature monitoring   73
REHL, see respiratory evaporative 

heat loss
repetitive strain injury (RSI)   222

respiratory evaporative heat loss 
(REHL)   47, 84–85

resting metabolic rate (RMR)   47, 
64, 99, 104, 134–135

Reynolds number   28, 30
rheumatology   5
rib cage   196–197
RMR, see resting metabolic rate
RSI, see repetitive strain injury

sarcoplasmic reticulum   107, 127
second law of thermodynamics   20
secretory coil   118
Shapiro’s equation   125
shivering   62, 66–67, 107–108, 

132–135, 137, 139, 147, 193
	 cold-induced   132–133, 135
shivering heat production   65
shivering thermogenesis   95, 108, 

128, 132–134
shoulders, right anterior   206–207
silicon, amorphous   167
skeletal muscles   94–95, 106, 108, 

127, 133, 140
skin blood flow   113, 130
skin perfusion   132
skin temperature   1, 5–6, 48, 58, 

64, 68, 79–81, 86–88, 94,  
113–114, 123, 130–131,  
145–146, 221, 247

	 mean   88
	 radiometry-based   1
	 thermo-neutral   58
skin temperatures, regional   79
skin vasomotor tone   62–63
skin vessels   61–62, 64, 112, 130
SMR, see standard metabolic rate
sodium   121
somatosensory cortex   60–61
spinal cord   50, 55, 59, 62–64, 132
standard metabolic rate (SMR)   

47, 95, 97–99
Stefan–Boltzmann constant   

35–36
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surface skin probes   78
sweat   115–116, 119–124
	 eccrine   118, 121
	 secreted   124
sweat evaporation   65, 122, 124
sweat glands   63, 110, 116–121
	 apo-eccrine   119–120
	 apocrine   118–119, 121
sweat rate   120, 124, 146
	 resting whole-body   122
sweat secretion   115, 118–121, 

123, 145
sweating rates
	 absolute whole-body   122
	 relative whole-body   122
sympathetic ganglia   47, 62–63

temperature
	 axillary   75–76
	 body core   132, 139, 148
	 body skin   88
	 ear-based   75
	 epidural   72
	 finger   221
	 intestinal   73–74
	 intra-articular knee   81
	 intracranial   72
	 intramuscular   107
	 intraventricular   72
	 knee   81
	 muscle   109
	 oesophageal   47, 73
	 oral   73
	 pulmonary artery   69, 71–73
	 spinal cord   59
	 thermodynamic   9–10, 13–14
	 thermoneutral   57, 95, 132
	 tissue   148
	 urine   73
temperature acclimation   145
temperature distribution, 

recording   171
temperature gradients, calculation 

of   243

temperature regulation   52–53, 
55, 57, 59, 61, 63, 65, 67, 69, 
71, 73, 75, 77, 79, 81

	 autonomic   66–68
	 behavioural   63, 67–68
	 physiological   66
temperature regulators
	 ectothermic   68
	 endothermic   67–68
temporal artery   76
therapeutic temperature 

modulation   134
thermal adaptation   144–145
thermal balance   78, 115, 122–124
thermal conductivity   12, 23–24, 

26, 91–93
thermal detectors   164
thermal diffusivity   24–25, 27
thermal homeostasis   124
thermal image analysis   81
thermal imagers   2, 225, 227, 246
thermal images
	 evaluation of   238–240
	 recording   191
thermal imaging
	 history of   2, 4, 6
	 infrared   79, 93, 246
thermal inertia   92
thermo-effector gain   63–64
thermo-effector output   63–64
thermo-effector threshold 

temperature   63–64
thermo-effectors   53, 56, 63–64, 

68, 127
	 heat-conserving   128
thermogenesis
	 adaptive   95, 132–133
	 cold-induced   132
	 diet-induced   95, 104–105
	 non-exercise activity   95,  

108–109
thermography, diagnostic   5–6
thermoneutral zone   57, 64, 97
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thermoreceptors   54–56, 58–60, 
110, 132

thermoregulation   50, 52–53, 56, 
65, 77, 94, 107, 132

thermoregulatory behaviour   66
thermosensors   54, 60, 86
thermotropism   66
thoracic outlet syndrome  230, 

238–239
thyroid hormones   133
tissues, deep body   52, 83
transient receptor potentials 

(TRPs)   48, 55, 60
trapeze muscles   205
TRP Ankyrin (TRPA)   48, 55–56
TRPA, see TRP Ankyrin
TRPs, see transient receptor 

potentials
turbulent flow   28–30, 93
tympanic membrane   70, 75
tympanic temperature   75–76

uncooled bolometric imager   178

vapour pressure   40–41

vasoactive intestinal peptide (VIP)   
48, 112

vasoconstriction   52, 65, 111, 
130–132

	 cold-induced   91, 131–132
vasodilation   52, 65, 110–114, 131
	 active   112–113
	 cold-induced   132, 148
	 heat-induced   91
	 temperature-induced   112
vasomotor responses   113, 130
ventral tegmental area (VTA)   48, 

62
VIP, see vasoactive intestinal 

peptide
viscosity, kinematic   27–28, 41
VTA, see ventral tegmental area

waterfall analogy of heat transfer   
87

whole-body sweat losses   121
whole-body sweat rates   121
wrist   197–198, 208–210,  

234–235, 240–242



“There is no way to study thermal imaging and not learn from the writings of Francis Ring and 
Kurt Ammer. Pioneers of the application of infrared thermography in medicine, the authors 
unveil the direction for a sensible use of the method. Luck for us—students, professionals and 
enthusiasts—because we can be grateful to receive a differentiated material that shortens the 
learning path. No doubt a remarkable book.”

Prof. Danilo Gomes Moreira 
Federal Institute of Education, Science and Technology of Minas Gerais, Brazil

“This book is set to become essential reading for anyone who wants to perform reliable 
thermal imaging of the human body, whether it be in medicine, clinical practice, sports 
science or research.”

 Prof. Graham Machin
National Physical Laboratory, UK

“This book is a wonderful practical guide that takes the reader through all the main stages 
required and will be of special interest for those interested in entering the fascinating field 
of clinical thermal imaging.”

 Professor Emeritus James B. Mercer
UiT—The Arctic University of Norway, Norway

This book describes where and how an infrared equipment can be used in a strictly 
standardized way and how one can comprehensively report the findings. Due to their 
insight into the complex mechanisms behind the distribution of surface temperature, 
future users of medical thermal imaging should be able to provide careful, and cautious, 
interpretations of infrared thermograms, thus avoiding the pitfalls of the past. 

Kurt Ammer was trained as a medical doctor in Vienna and was 
certified in general medicine and in physical medicine and rehabilitation 
(rheumatology). He was a senior researcher at the Ludwig Boltzmann 
Research Unit for Physical Diagnostics, Austria, between 1988 and 2004. He 
became involved in medical thermography in 1988 and was appointed as 
secretary and treasurer of the European Association of Thermology (EAT) 

in 1990 and currently serves as the EAT treasurer. Dr. Ammer received his PhD from the 
University of South Wales, Pontypridd, UK, where he has been external professor since 
2002. His research interests focus on rehabilitation medicine and the application and 
standardization of thermal imaging in medicine.

Francis Ring gained an MSc in pharmacology and later in 1994 was 
awarded a DSc at Bath University, UK. He joined the Arthritis Research Unit 
at the Royal National Hospital for Rheumatic Diseases, Bath, UK, in 1958 and 
retired as director of Clinical Measurement and Imaging in 2001. Then he  
became director of Medical Imaging Research at the University of South Wales 
and retired as emeritus professor in 2017. Prof. Ring is a member of the  

Science Council and the Imaging Science Group of the Royal Photographic Society (RPS) 
of Great Britain, RPS medallist, RPS fellow and accredited senior imaging scientist. 
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