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A Novel Algorithm Using Within-leg Calibration for Enhanced 
Accuracy of Detection of Arthritis by Infrared Thermal 
Imaging in Children
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ABSTRACT.	 Objective. To standardize and improve the accuracy of detection of arthritis by thermal imaging.
	 Methods. Children with clinically active arthritis in the knee or ankle, as well as healthy controls, were 

enrolled to the development cohort; another group of children with knee symptoms was enrolled to the val-
idation cohort. Ultrasound was performed in the arthritis subgroup for the development cohort. Joint exam 
by certified rheumatologists was used as a reference for the validation cohort. Infrared thermal data were 
analyzed using custom software. Temperature after within-limb calibration (TAWiC) was defined as the tem-
perature differences between joint and ipsilateral mid-tibia. TAWiC of knees and ankles was evaluated using 
ANOVA across subgroups. Optimal thresholds were determined by receiver-operating characteristic analysis 
using Youden index. 

	 Results. There were significant differences in mean and 95th TAWiC of knee in anterior, medial, lateral 
views, and of ankles in anterior view, between inflamed and uninflamed counterparts (P < 0.05). The area 
under the curve was higher by 30% when using TAWiCknee than that when using absolute temperature. 
Within the validation cohort, the sensitivity of accurate detection of arthritis in the knees using both mean 
and 95th TAWiC from individual views or all 3 views combined ranged from 0.60 to 0.70, and the specificity 
was > 0.90 in all views. 

	 Conclusion. Children with active arthritis or tenosynovitis in knees or ankles exhibited higher TAWiC 
than healthy joints. Our validation cohort study showed promise for the clinical utility of infrared thermal 
imaging for arthritis detection.
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Juvenile idiopathic arthritis ( JIA) is the most common rheu-
matic disease in children.1 The most commonly affected joints are 
knees and ankles, followed by wrists and elbows.2 Early diagnosis 
and aggressive treatment are critical for maintaining normal joint 

functions in the management of JIA.3 A joint exam performed 
by a pediatric rheumatologist is considered standard assessment 
for children with JIA. Musculoskeletal ultrasound (US) is more 
sensitive for joint synovitis than a physical exam but may also be 
limited by accessibility to equipment and by operators.4

	 Infrared thermal imaging is a quick and noninvasive tool that 
can detect temperatures of different body parts with precision. 
It has been evaluated as a screening or supplementary tool for 
detecting or following up active arthritis in animal models,4,5 
osteoarthritis,6,7 rheumatoid arthritis,8,9 and JIA.10,11,12 Studies 
focusing on larger joints (knees, ankles, wrists)8,11,12 defined 
regions of interest (ROIs) based on anatomic location and 
reported absolute temperatures for comparison. Lasanen et al 
showed significantly higher temperatures in inflamed ankles than 
controls but failed to confirm the difference between inflamed 
and healthy knee joints.11 Heat distribution index was reported 
as another approach with a cut-off of 1.3°C to distinguish active 
arthritis in finger joints and wrists with a sensitivity of 67% and 
a specificity of 100%.8 Ilowite et al12 used the difference between 
inflamed joints and adjacent tissues in patients with symmetric 
arthritis. The temperature difference was associated with disease 
activity score.12 However, “adjacent tissue” was not clearly 
defined in that paper. 
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2 Thermal imaging in JIA

	 Our group has developed a standardized ROI definition 
approach in lower extremities for analysis of thermal images 
from children with chronic nonbacterial osteomyelitis.13 Our 
objectives were to (1) enhance the sensitivity and reliability of 
detecting arthritis by using within-limb calibration for thermal 
imaging analysis; (2) determine the threshold using within-limb 
calibration in children with known arthritis; and (3) validate 
this approach in new patients. 

METHODS
Institutional review board approval (#15350, #1383) was obtained from the 
authors’ tertiary-care, multidisciplinary pediatric hospital prior to the study. 
For the development cohort, 2 groups, including children with clinically 
confirmed arthritis in the knee or ankle, and healthy children between the 
ages of 2 and 18 years, were consented and enrolled. Inclusion criteria for 
the arthritis group were active arthritis in the knee and/or ankle diagnosed 
by treating physician (swelling, or pain and limitations in motion if there 
was no swelling). Inclusion criterion of the healthy control (HC) group was 
normal skeletal health. Exclusion criteria for both groups were as follows: 
(1) skin infection in imaged area that could interfere with thermal imaging 
results; (2) fever; (3) joint contracture > 10°; (4) inability to cooperate with 
the acquisition of thermal imaging; and (5)  recent injury to the areas of 
interest. For the validation cohort, children with knee pain and/or swelling 
for at least a week, who sought care from rheumatology for the first time, 
were enrolled. The same exclusion criteria were applied as for the develop-
ment cohort. 
Thermal imaging acquisition. As previously described,13 all subjects received 
infrared thermal imaging analysis of the lower limbs from 4 views (anterior, 
posterior, medial, and lateral). Thermal imaging was performed using a 
Fluke TiR32 Thermal Imager (Fluke Inc.) with 76,800 pixels (320 × 240; 
detection range –20 to 150 °C, sensitivity ≤  0.04  °C) by trained staff to 
ensure sharp focus and consistent camera leveling and stabilization. The 
entire imaging session for each patient took < 5 minutes. Subjects exposed 
their feet and entire legs to room air and rested for at least 10 minutes prior 
to imaging to allow stabilization and equilibration of skin temperature. 
Ambient temperature was set at 22.2 °C for all patients. Subjects posed in 
standardized positions to ensure consistency of image acquisition. Imaging 
was performed with subjects standing on a carpet to avoid influence from 
the cold floor on body temperature, and away from potentially interfering 
items such as metal panels, doorknobs, computer screens, and adjacent 
people. Camera was positioned at the knee level of the subjects. The distance 
between camera and subject ranged between 4–5 m in order to maximize 
the spatial resolution of imaged body parts. 
US imaging acquisition. Only subjects from the JIA group within the 
development cohort were scanned with US. Standard B-mode views of 
the knees (longitudinal and transverse suprapatellar, transverse posterior) 
with 20–30° of flexion, tibiotalar joints (anterior longitudinal and trans-
verse, medial, and lateral paramalleolus) with plantar flexion, subtalar 
joints (lateral longitudinal) in neutral position, without compression were 
collected after thermal imaging in the arthritis group by 1 pediatric rheuma-
tologist (YZ) with Ultrasound School of North American Rheumatologists 
(USSONAR) certification and 5 years of experience using the GE LOGIQ 
e US machine (General Electronics Inc.). Matching joint examinations were 
performed on the same day before US images were obtained. 
	 Subjects within the validation cohort were not scanned by US because 
the goal of applying this thermal imaging tool is to identify patients from the 
community to accelerate the referral process, and a joint exam performed 
by a certified rheumatologist remains the well-accepted standard clinical 
practice. 
Analysis of thermal images. The spatial and temperature data from infrared 
thermal images were exported from Smartview software (Fluke Inc.). Data 
were then analyzed using customized semiautomated software developed 

in MATLAB (MathWorks) as previously reported.13 In brief, lower legs 
were divided equally into 3 segments (proximal, mid, and distal) longitu-
dinally by placing crosshairs at the medial and lateral sides of the knees and 
ankles from each view, and distal femur was defined as the same length as 
the proximal tibia/fibula segment. Then, the proximal tibia/fibula and distal 
femur segments were merged as the ROI for “knee.” Using the distal tibia/
fibula length as a reference, one-third of the reference above the ankle line 
and one-ninth of the reference below the ankle line were merged as “ankle” 
for thermal imaging analysis that included tibiotalar and subtalar joints. 
Mean and 95th percentile temperatures were recorded for each leg or joint 
segment. A previous study showed high reproducibility for this technique 
(intraclass correlation coefficient 0.936–0.981).13

	 Temperature after within-limb calibration (TAWiC) was calculated 
as the summary measure (mean or 95th percentile) for the joint (knee or 
ankle), minus the summary measure for mid-tibia. Thus, TAWiC measures 
how much hotter the joint is than the mid-tibia of the same limb.
US reading. A small set of US images from previous patients was reviewed 
by 2 radiologists (RSI and MT) and a rheumatologist (YZ) for calibra-
tion purposes. US images were scored as a consensus between 2 pediatric 
musculoskeletal radiologists (RSI, MT). When bone and tendon land-
marks were not well visualized, images were excluded. A joint effusion was 
defined as anechoic material within the joint space or within the suprapa-
tellar bursa (knee), or that displaced a fat pad in the tibiotalar and subtalar 
joints, as previously reported.14,15 Grading of joint effusion was performed 
as previously published.15,16 Synovial thickening was defined as hypoechoic 
material within the joint space that was not compressible. Tenosynovitis 
was defined as anechoic or hypoechoic material within the tendon sheath 
that circumscribed the tendon. Presence or absence of these variables was 
recorded. Arthritis was defined as the presence of synovial thickening, or at 
least a moderate effusion without synovial thickening. Since it was difficult 
to distinguish tibiotalar and subtalar joints on thermal imaging, these are 
combined: the “ankle” was considered to be inflamed if either tibiotalar or 
subtalar joint (or both) was inflamed, or isolated tenosynovitis was present. 
Demographic, clinical, and laboratory data collection. Demographic infor-
mation including sex, age, ethnicity, and race, and clinical data including 
body height, weight, and oral or temporal temperatures were collected 
in all subjects. Within the JIA group in the development cohort and 
new patients in the validation cohort, the presence or absence of joint 
swelling, pain or warmth, physician global assessment (0–10), Childhood 
Health Assessment Questionnaire score (0–3), patient/parent assessment 
of arthritis activity (0–10), patient/parent assessment of overall health 
(0–10), and current medications were recorded. Laboratory data were also 
collected if available. 
Data analysis. Histograms were examined for outliers and nonnormality. 
Demographic variables were summarized and compared between children 
with JIA and healthy subjects using chi-square tests for categorical measures 
and t tests or Mann-Whitney U tests for numerical measures, depending on 
whether the measure was approximately normally distributed. Generalized 
estimating equations analysis was used to compare inflamed to uninflamed 
joints, while accounting for the fact that the 2 joints within a child were 
not independent observations and using the sandwich estimator of standard 
error, which is robust to nonnormality. Absolute temperatures and TAWiC 
were dependent variables; the predictor of interest was whether or not the joint 
was inflamed. Analyses were done separately for each view. Receiver‑operating 
characteristic (ROC) curve analyses were used to describe how well the 
different summary measures can predict whether a joint is inflamed. Optimal 
thresholds were determined by ROC analysis using Youden index; these 
were then applied to the validation cohort. Sensitivity and specificity of 
detecting knee arthritis in the validation cohort was determined using derived 
thresholds. Pearson correlation was used to describe the association between 
TAWiC 95 and demographic measures of sex, age, height, weight, and BMI. 
A P value < 0.05 was considered statistically significant. All analyses were done 
using IBM SPSS version 19 (IBM Corp.).
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	 A conservative power analysis showed that a sample size of 25 subjects 
per group would give over 90% power for detecting group differences as 
long as the true standardized effect size (difference in means divided by  
within-group SD) was at least 1.0. This effect size corresponds approxi-
mately to sensitivity of 70% and specificity of 70%. Since a measure with 
sensitivity and specificity smaller than this would not be useful clinically, 
this study has adequate power for detecting any clinically useful difference.

RESULTS
Demographic characteristics. Fifty-three children from the JIA 
group, 49 from the HC group from the development cohort, 
and 43 children with knee symptoms from the validation 

cohort were enrolled. Fifty-one children within the JIA group 
completed US examinations and had evaluable thermal imaging 
and were included in the analysis. Forty-eight children from the 
HC group had evaluable thermal imaging and were included 
in the analysis. Patient characteristics from each group were 
summarized and compared in Table 1. There was no statistically 
significant difference in demographic characteristics between 
JIA and control groups. Within the JIA group, the mean disease 
duration was 3 years, and a majority of subjects were not on 
systemic medications. The majority of patients with JIA (65%) 
in the development cohort were categorized as oligoarticular. 

 Table 1. Baseline characteristics of children in the JIA group and control group.

 		  Development Cohort		  	 Validation Cohort
		  JIA, n = 51	 HCs, n = 48	 P*	 Knee Symptoms, n = 43
				    	

Age at enrollment, yrs 	 9.0 ± 4.1	 9.7 ± 3.4	 0.40	 10.7 ± 4.1
Disease duration at enrollment, yrs	 3.0 ± 3.6	 NA		  NA
Female	 33 (65)	 33 (69)	 0.42	 27 (63)
Weight, kg	 36.6 ± 21.4	 36.2 ± 18.7	 0.91	 43.8 ± 18.9
Height, cm	 133.1 ± 25.6	 137.9 ± 20.4	 0.31	 144.2 ± 22.1
BMI	 18.9 ± 4.7	 17.9 ± 4.1	 0.26	 17.9 ± 4.1
Oral temperature, °C	 36.8 ± 0.4 (n = 15)	 36.9 ± 0.3 (n = 37)	 0.41	 37.0 ± 0.2
Race			   0.06	
	 White	 39 (77)	 35 (73)		  36 (84)
 	 African American	 3 (6)	 3 (6)		  1 (2)
 	 Asian	 2 (4)	 9 (19)		  0 (0)
 	 Native American	 0 (0)	 1 (2)		  1 (2)
 	 Pacific islander	 1(2)	 0 (0)		  0 (0)
 	 Other	 6 (12)	 0 (0)		  5 (12)
ILAR category					   
	 Persistent oligoarticular	 29 (57)	 NA		  3 (7)
	 Extended oligoarticular	 4 (8)	 NA		  0 (0)
	 RF-negative polyarthritis 	 9 (18)	 NA		  1 (2)
	 RF-positive polyarthritis 	 1 (2)	 NA		  1 (2)
	 Enthesitis-related arthritis	 3 (6)	 NA		  0 (0)
	 Psoriatic JIA	 4 (8)	 NA		  0 (0)
	 Systemic JIA	 1 (2)	 NA		  0 (0)
	 Undifferentiated JIA	 0 (0)	 NA		  1 (2)
Laboratory findings					   
	 ANA positive	 25 (49), (n = 45)	 NA		  12 (48), (n = 25)
	 RF positive	 3 (6), (n = 38)	 NA		  1 (5), (n = 19)
	 CCP positive	 1 (2), (n = 33)	 NA		  2 (15), (n = 13)
	 HLA-B27 positive	 2 (4), (n = 33)	 NA		  4 (31), (n = 13)
	 ESR, mm/h (normal 0–20; n = 34)	 25.8 ± 26.0	 NA		  NA
Patient/parent-reported measures					   
	 Patient/parent global assessment of overall health (0–10) 	 2.3 ± 2.3 (n = 48)	 NA		  NA
	 Patient/parent assessment of arthritis activity (0–10)	 3.9 ± 2.8 (n = 48)	 NA		  NA
	 CHAQ 	 0.5 ± 0.5 (n = 50)	 NA		  0.8 ± 0.6 (n = 43)
	 PGA (range 0–10)	 2.6 ± 1.5 (n = 40)	 NA		  NA
Treatment at study entry 					   
	 NSAIDs	 18 (35)	 NA		  27 (63)
	 DMARDs	 15 (29)	 NA		  NA
	 Biologics	 8 (16)	 NA		  NA
	 Systemic glucocorticoids	 4 (8)	 NA		  1 (2)

Values are expressed as mean ± SD or n (%). * Statistics between 2 groups within development cohort. ANA: antinuclear antibody; CCP: cyclic citrullinated 
peptide; CHAQ: Childhood Health Assessment Questionnaire; DMARD: disease-modifying antirheumatic drug; ESR: erythrocyte sedimentation rate; HC: 
healthy control; ILAR: International League of Associations for Rheumatology; JIA: juvenile idiopathic arthritis; NA: not applicable; NSAID: nonsteroidal 
antiinflammatory drug; PGA: physician global assessment; RF: rheumatoid factor.
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Physical exam and US results. Active arthritis on joint exam was 
defined as pain of motion (POM) plus limitation of motion 
(LOM), or swelling, for knee and ankle; and tenderness and 
POM or tenderness and LOM for subtalar joint.17 Active 
arthritis on US was based on the presence of synovial thickening 
with or without effusion, or at least moderate effusion if without 
synovial thickening for all 3 joints. Tenosynovitis around ankle 
and subtalar joints was classified as “inflammation of ankle” on 
US. Within the JIA group, 49 (48%) knee, 24 (22%) tibiotalar, 
and 15 (15%) subtalar joints had active arthritis on physical 
examination. Meanwhile, 45 (44%) knee, 15 (14%) tibiotalar, 11 
(11%) subtalar joints had active arthritis and 8 (8%) ankle joints 
had active tenosynovitis on US. The final count of inflammatory 
knees was 45, and number of inflammatory ankles was 19. A 
total of 11 joints (knees or ankles) from the development cohort 
were excluded from the analysis due to physical exam findings 
of arthritis but a normal US. Among 43 children with knee 
complaints within the validation cohort, 7 patients had arthritis 
in a total of 10 knees, whereas only 3 patients had arthritis in 5 
ankles (tibiotalar and/or subtalar joint) determined by physical 
exam alone. 
Performance of thermal imaging analysis for detecting arthritis in 
development cohort. Within the development cohort, all joint 
segments (knee and ankle) were divided into 3 groups: the HC 

group, joints in the JIA group with inflammation, and joints 
in the JIA group without inflammation. Joints that were clas-
sified as arthritis by joint exam but not confirmed by US were 
excluded (for results when joint exam was the only confirmation 
of arthritis, see Supplementary Tables 1–3, available with the 
online version of this article). Preliminary analyses showed little 
difference between uninflamed joints in children with JIA and in 
HC children, so these 2 groups were combined into 1 group for 
all analyses, referred to as the uninflamed joint group. Figure 1 
revealed a representative patient with thermal image, absolute 
temperatures and TAWiC of knees, ankles, and mid-tibia, as 
well as corresponding US findings confirming active arthritis in 
a knee and a tibiotalar joint. Table 2 shows means and SDs of the 
absolute and calibrated temperature summaries by inflammation 
status of joints from the development cohort. The size of ROI 
showed trends of increase in inflamed limbs but no statistically 
significant difference (Supplementary Table 4). 
Comparison of area under the curve using TAWiC vs absolute 
temperature. In general, absolute and TAWiC temperatures were 
higher in inflamed knees and ankles than in uninflamed coun-
terparts. Compared to absolute values, TAWiC showed a greater 
temperature difference between groups, with smaller SD within 
each group and more significant P values. Posterior view showed 
a considerably smaller difference between groups than did the 

Figure 1. Representative thermal image, ultrasound images, and thermal analysis results from a child with arthritis (swelling on exam, effusion in ultrasound) in 
right knee and left ankle. Enclosed red lines on ultrasound indicate joint effusion. Significantly elevated temperatures vs reference region (mid-tibia) are shown 
in bold. TAWiC: temperature after within-limb calibration.
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other views. Both TAWiC 95th percentile and mean tempera-
tures of the inflamed knees from the anterior, lateral, and 
medial views differed from the uninflamed knees by about 1 °C. 
However, TAWiC 95th percentile temperatures of the inflamed 
ankles differed from the uninflamed ankles more than TAWiC 
mean temperature did (0.88 vs 0.42  °C). The temperatures of 
mid-tibia (a reference ROI for computing TAWiC) were slightly 
cooler in limbs corresponding to an inflamed joint, although this 
difference was not statistically significant. 
	 ROC analyses using TAWiCknee showed that the area under 
the curve (AUC) was similar among anterior, medial, and lateral 
views, but much lower in posterior views (Table 3). AUC was 
increased by 0.2 (30%) when TAWiCknee was used comparing 
to absolute temperature (range 0.544–0.659). The thresholds 
of TAWiCknee, which maximizes Youden index, were similar 
for anterior, medial, and lateral views (Table 3). The sensitivity 
of detecting arthritis in the knee varied from 0.644 to 0.778, 
and the specificity ranged between 0.793 and 0.923 excluding 
posterior view. The sensitivity of detecting inflammation in the 
ankle region from anterior view was 0.800 and the specificity 
was 0.601. Other views of ankle, using our ROI definition, 
repeatedly spilled outside of limb contours and therefore were 

not evaluable. These results were similar to those from analyses 
completed with joint exam as the gold standard (Supplementary 
Tables 1–3, available with the online version of this article) or 
US alone as the gold standard (Supplementary Tables 5–6).
Factors correlated with TAWiC. Correlations of 95th percentile 
TAWiC with sex, age, height, weight, and BMI are shown in 
Table  4. Within the inflamed knee group, females had higher 
TAWiCknee than males; younger children and shorter children 
had higher TAWiCknee than their older and taller counterparts, 
respectively. Within the inflamed ankle group, there was no 
correlation of TAWiCankle with sex, age, height, weight, or BMI. 
However, within the HC group, males, younger children, and 
those with higher BMI had higher TAWiCankle, whereas younger 
and shorter children without inflamed ankles in JIA group had 
higher TAWiCankle.
Validation of using TAWiC to detect arthritis in the knee. Within 
the validation cohort, a knee joint was considered inflamed when 
both mean and 95th TAWiCknee of each knee were greater than 
the corresponding thresholds from each view in the development 
cohort. Comparing to the results of physical exam as the gold 
standard, the sensitivity of accurate detection of arthritis from 

Table 2. TAWiC from knee and ankle ROI in children with JIA group and healthy children.

		  Inflamed Joints 	 Uninflamed Joints 	 P
		  ( JIA)	 ( JIA and Controls)

Analyses of knees and corresponding mid-tibia	 n = 45	 n = 142	
Knee 			 

95th absolute (anterior)	 34.46 ± 1.20	 33.76 ± 1.26	 0.002
95th absolute (lateral)	 34.03 ± 0.97	 33.53 ± 1.05	 0.006
95th absolute (medial)	 33.96 ± 1.04	 33.60 ± 1.20	 0.09
95th absolute (posterior)	 34.24 ± 1.03	 34.28 ± 1.00	 0.81
95th TAWiC (anterior)	 1.02 ± 0.83	 –0.08 ± 0.50	 < 0.001
95th TAWiC (lateral)	 1.15 ± 0.90	 0.17 ± 0.50	 < 0.001
95th TAWiC (medial)	 1.27 ± 0.77	 0.28 ± 0.60	 < 0.001
95th TAWiC (posterior)	 1.93 ± 0.85	 1.64 ± 0.56	 0.08
Mean absolute (anterior)	 33.33± 1.27	 32.71 ± 1.32	 0.01
Mean absolute (lateral)	 32.76 ±1.01 	 32.56 ± 1.11	 0.30
Mean absolute (medial)	 32.85 ± 1.07	 32.65 ± 1.17	 0.35
Mean absolute (posterior)	 32.95 ± 1.02	 33.01 ± 1.09	 0.75
Mean TAWiC (anterior)	 0.67 ± 0.97	 –0.39 ± 0.56	 < 0.001
Mean TAWiC (lateral)	 0.72 ± 0.74	 –0.13 ± 0.52	 < 0.001
Mean TAWiC (medial)	 0.89 ± 0.76	 0.02 ± 0.60	 < 0.001
Mean TAWiC (posterior)	 1.53 ± 0.73	 1.22 ± 0.52	 0.03

Mid-tibia			 
95th absolute (anterior)	 33.44 ± 1.23	 33.85 ± 1.21	 0.07
Mean absolute (anterior)	 32.66 ± 1.26	 33.10 ± 1.26	 0.06

Analyses of ankles and corresponding mid-tibia	 n = 20	 n = 168	
Ankle			 

95th absolute (anterior)	 33.83 ± 1.55	 33.55 ± 1.76	 0.50
95th TAWiC (anterior)	 0.60 ± 1.19	 –0.28 ± 1.11	 0.002
Mean absolute (anterior)	 32.14 ± 1.55	 32.23 ± 1.73	 0.80
Mean TAWiC (anterior)	 –0.42 ± 0.73	 –0.84 ± 0.96	 0.02

Mid-tibia			 
95th absolute (anterior)	 33.23 ± 1.43	 33.83 ± 1.15	 0.06
Mean absolute (anterior)	 32.56 ± 1.40	 33.08 ± 1.20	 0.11

Values are expressed as mean ± SD. JIA: juvenile idiopathic arthritis; ROI: region of interest; TAWiC: tempera-
ture after within-limb calibration.
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individual views ranged from 0.60 to 0.70 and the specificity was 
> 0.90 in all views (Table 5). When arthitis was defined as all 
mean and 95th TAWiC readings from every view being greater 

than the corresponding thresholds of corresponding views, the 
sensitivity and specificity were similar to using individual views 
(Table  5). Although the study was not designed to validate 

Table 3. AUC when using TAWiC or absolute temperatures from knee and ankle, and thresholds derived by using TAWiC.

		                     AUC by 	                   AUC by 	                Youden-maximizing 	               Youden 	                                     Sensitivity	   Specificity
	                                                                       TAWiC                          Absolute 	 Threshold (°C)	 Indexa

			   Temperature

Knee 						    
	 95th TAWiC (anterior)	 0.867	 0.659	 0.540	 0.628	 0.733	 0.894
	 95th TAWiC (lateral)	 0.840	 0.653	 0.710	 0.560	 0.689	 0.871
	 95th TAWiC (medial)	 0.846	 0.587	 0.805	 0.583	 0.733	 0.850
	 95th TAWiC (posterior)	 0.590	 0.474	 1.900	 0.207	 0.488	 0.728
	 Mean TAWiC (anterior)	 0.843	 0.640	 0.305	 0.567	 0.644	 0.923
	 Mean TAWiC (lateral)	 0.843	 0.558	 0.270	 0.585	 0.778	 0.800
	 Mean TAWiC (medial)	 0.815	 0.544	 0.463	 0.504	 0.711	 0.793
	 Mean TAWiC (posterior)	 0.618	 0.470	 1.485	 0.226	 0.465	 0.761
Ankle						    
	 95th TAWiC (anterior)	 0.699	 0.542	 0.130	 0.407	 0.800	 0.601
	 Mean TAWiC (anterior)	 0.637	 0.425	 –0.720	 0.276	 0.800	 0.476

a Youden index = sensitivity + specificity – 1. AUC: area under the curve; TAWiC: temperature after within-limb calibration.

Table 4. Correlation of sex, age, height, weight, BMI, and body temperature with TAWiCknee and TAWiCankle.

			   JIA	
		  HCs	 Uninflamed Joint 	 Inflamed Joint

Anterior knee 	 n = 96	 n = 46	 n = 45
	 Sex	 0.71 (0.49)	 0.13 (0.41)	 0.37 (0.01)
	 Age	 0.07 (0.51)	 –0.16 (0.30)	 –0.23 (0.13)
	 Height	 0.09 (0.38)	 –0.20 (0.19)	 –0.20 (0.18)
	 Weight	 0.13 (0.22)	 –0.18 (0.24)	 0.07 (0.64)
	 BMI	 0.07 (0.51)	 –0.15 (0.33)	 0.01 (0.93)
Lateral knee 	 n = 94	 n = 46	 n = 45
	 Sex	 –0.11 (0.30)	 0.15 (0.33)	 0.45 (0.002)
	 Age	 0.03 (0.76)	 –0.28 (0.06)	 –0.32 (0.03)
	 Height	 0.12 (0.24)	 –0.26 (0.08)	 –0.30 (0.04)
	 Weight	 0.16 (0.13)	 –0.20 (0.19)	 –0.23 (0.13)
	 BMI	 0.11 (0.30)	 –0.07 (0.63)	 –0.18 (0.25)
Medial knee 	 n = 94	 n = 46	 n = 45
	 Sex	 0.09 (0.37)	 –0.06 (0.70)	 0.03 (0.86)
	 Age	 0.14 (0.17)	 0.03 (0.86)	 0.01 (0.93)
	 Height	 0.13 (0.21)	 –0.04 (0.79)	 0.11 (0.49)
	 Weight	 0.06 (0.57)	 0.03 (0.85)	 0.23 (0.13)
	 BMI	 –0.06 (0.55)	 0.01 (0.94)	 0.21 (0.17)
Posterior knee 	 n = 96	 n = 46	 n = 43
	 Sex	 0.24 (0.02)	 0.06 (0.71)	 –0.35 (0.02)
	 Age	 0.08 (0.45)	 –0.05 (0.75)	 0.12 (0.45)
	 Height	 0.07 (0.52)	 –0.13 (0.41)	 0.23 (0.14)
	 Weight	 0.04 (0.74)	 0.02 (0.89)	 0.29 (0.06)
	 BMI	 –0.04 (0.70)	 0.08 (0.60)	 0.15 (0.34)
Anterior ankle	 n = 96	 n = 83	 n = 19
	 Sex	 –0.21 (0.045)	 0.006 (0.95)	 0.24 (0.32)
	 Age	 –0.22 (0.03)	 –0.29 (0.008)	 –0.23 (0.34)
	 Height	 –0.09 (0.39)	 –0.27 (0.02)	 –0.20 (0.41)
	 Weight	 0.15 (0.16)	 –0.10 (0.37)	 –0.05 (0.83)
	 BMI	 0.31 (0.002)	 0.13 (0.23)	 0.11 (0.66)

Values are expressed as correlation coefficient (P value). HC: healthy control; JIA: juvenile idiopathic arthritis; 
TAWiC: temperature after within-limb calibration.
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the detection of ankle inflammation, the sensitivity of using 
TAWiCankle for detection was 0.80 and the specificity was 0.68. 

DISCUSSION
To our knowledge, this is the first study to propose a novel algo-
rithm to reliably detect active arthritis in children using infrared 
thermal imaging. Our approach to analyzing the thermal images 
from children with JIA and healthy children is reproducible and 
semiautomated, making it potentially useful in a wide range of 
situations to detect active arthritis. The addition of the with-
in-leg internal control in this investigation improved the capacity 
to distinguish between inflamed and uninflamed joint area over 
an absolute temperature measure of the area of interest. This was 
a proof-of-concept study that focused on lower extremities due 
to the high prevalence of arthritis in knees and ankles. Further 
refinement of this approach may be applied to disease moni-
toring of chronic arthritis in both adults and children. 
	 We not only identified significantly increased temperatures 
in both inflamed knee and ankle joints by absolute temperature, 
as in other studies,10,11 but also reduced the variation significantly 
by applying within-limb calibration. Therefore, our algorithm 
greatly improved the distinguishing ability of arthritis by thermal 
imaging. In addition, the definition of the knee joint and ankle 
were based on anatomy; this principle can be applied to other 
joints such as elbow, wrist, and digit joints. Another advantage 
of applying an internal control is to allow identification of joint 
inflammation in both legs of an affected individual. 
	 Among all views, anterior, medial, and lateral views provided 
similar sensitivity to distinguish knees with inflammation from 
those without inflammation, and this is consistent with previous 
studies.10,11 For the ankle joint, due to greater anatomical 
complexity, articular or tendon sheath inflammation may cause 
temperature changes that are detectable only on certain views. In 
this analysis, only the anterior view showed a significant differ-
ence in TAWiCankle between inflamed and uninflamed ankles. 
Optimization of ROI for ankle joints from medial, lateral, 
and posterior views might allow us to determine the specificity 
of view-specific changes of temperatures that correspond to 
inflammation from specific anatomical structures. For example, 
isolated inflammation within lateral tendons may reveal elevated 
TAWiCankle only from a lateral view and not from other views. 

Definition of ankle ROI and patterns of heat distribution from 
other views may be defined and evaluated through a machine 
learning approach in the future. 
	 The significant effects of age, sex, and height on 95th 
TAWiCknee and TAWiCankle in subgroups suggest that our 
method needs to be validated in various age groups, and that 
thresholds may be different depending on age and sex. It is 
also possible that the increase of TAWiC is dependent on the 
severity of joint swelling such that more subtle swelling is less 
detectable by thermal imaging. Using the current dataset from 
the development cohort, we identified thresholds of TAWiC for 
equally maximized sensitivity and specificity. For practical use, 
one may select a higher threshold for greater specificity when the 
pretest probability is low, such as screening of healthy children. 
In contrast, a lower threshold may be chosen for higher sensi-
tivity when the pretest probability is high, such as in a child with 
history of JIA who has knee pain. 
	 We validated the new algorithm and preliminary thresholds 
of TAWiCknee in a separate cohort that demonstrated reason-
able sensitivity and high specificity. With modification of the 
threshold of mean TAWiCknee, sensitivity can be increased from 
0.70 to 0.90 without sacrificing specificity. These results showed 
promise of potentially applying thermal imaging in screening 
and monitoring knee arthritis in children, especially during the 
era of increasing telehealth when joint exams are not performed 
in person. However, in-person visits and established imaging 
such as MRI and US are still needed when persistent symptoms 
are concerning despite normal thermal imaging results. 
	 Our study had several limitations. Our sample size was small 
but comparable to previous studies, and exploratory statistics 
was performed without adjusting for multiple comparisons. 
Ankle ROI definition was not suitable for views other than ante-
rior, which limits broader applicability. Finally, reproducibility 
of the temperature measurements over several days was not 
assessed due to difficulty in retaining subjects for repeat evalu-
ations. However, we were able to prove that capacity for deter-
mining inflammation of knees and ankles by thermal imaging 
was increased when using internal calibration. Further, the 
determined thresholds can effectively screen for arthritis with 
a reasonable sensitivity and high specificity. These findings, if 
validated in a large population with optimization, will be highly 
applicable to patient care, especially during telehealth. 
	 The use of a novel algorithm of infrared thermal imaging in 
children with active arthritis, or tenosynovitis, in knees or ankles 
revealed higher TAWiC than healthy unaffected joints. Our 
validation cohort study showed promise of the clinical utility of 
infrared thermal imaging for arthritis detection. 
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Table 5. Sensitivity and specificity of detection of arthritis in knee (n = 43)a.

Views	 Sensitivity (95% CI)	 Specificity (95% CI)

Anterior	 0.60 (0.26–0.88)	 0.91 (0.82–0.96)
Lateral	 0.70 (0.35–0.93)	 0.95 (0.87–0.99)
Medial	 0.70 (0.35–0.93)	 0.93 (0.85–0.98)
Anterior + lateral + medialb	 0.60 (0.26–0.88)	 0.99 (0.93–1.00)

a Definition of accurate detection by thermal imaging is made when the 
mean TAWiC of the knee is greater than the threshold for mean AND the 
95th TAWiC of the knee is greater than the threshold for 95th temperature. 
b All mean and 95th TAWiC readings from every view must be greater than 
the corresponding thresholds of corresponding views. TAWiC: temperature 
after within-limb calibration.
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 ONLINE SUPPLEMENT
Supplementary material accompanies the online version of this article.
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