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A new diagnostic technology for degeneration of knee ligaments using Raman
spectroscopy and its developmetnt toward practical applications

TAKAHASHI, Yasuhito
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In this study, near-infrared laser Raman spectroscopy was applied to human
anterior cruciate ligament (ACL) to establish optical algorithms for non-destructively diagnosing a
degeneration state at molecular level. Raman spectra of ex-vivo ACL were collected, and were
subsequently classified as an early and advanced degradation groups based on the histopathological
scoring system.

The significant differences in several Raman peak intensities of ACL were found between the
different degeneration groups, which were assigned to the vibrational modes of nucleic acids in
cells, collagens, and phospholipids. Linear discriminant analysis (LDA) was performed to identify
cut-off values for the distributions of the Raman intensity ratios, which enable to best
discriminate between the early and advanced degenerated tissues. Our Raman algorithm yielded a
maximum diagnostic sensitivity of 100%, specificity of 80%, and accuracy of 91% for discriminating
the degeneration severity.
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Table 1: Summary of human ACL specimens classified as early and advanced tissue degeneration
according to the histological scoring.

ACL degeneration

Specimens Early Advanced p-value
Number of specimens 20 (4 men, 16 women) 24 (6 men, 18 women) 0.73442
Type of surgery 19 ACLR, 1 TKA 2 ACLR, 22 TKA < 0.00012
Age at surgery (yrs) 29.5+17 1 66.0+18.7 < 0.0001"°
BMI (kg/m?) 23.2+3.4 24.9+3.2 0.06°
Histological Inflammation 1.310.6 0.7+0.7 0.0004°
scores Mucoid 0.6:0.3 1.540.9 0.0002°
degeneration
Chondroid b
metaplasia 0.410.3 1.1£0.9 0.0049
Cystic changes 0.4+0.4 1.5£1.0 < 0.0001°
Collagen 0.5:0.4 2.0£0.9 < 0.0001°
disorientation
Total 3.1+1.1 6.8+2.6 < 0.0001°

ACLR: arthroscopic ACL reconstruction; TKA: total knee arthroplasty; BMI: body mass index 2: p-value
calculated from Fisher's exact test; b: p-value calculated from Mann-Whitney U test
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Figure 1: (a) Comparison of the mean normalized Raman spectra from early and advanced degenerated ACLs;
(b) Difference spectrum calculated from the mean normalized Raman spectra shown in the (a) (i.e., advanced
minus early). The symbols *, **, *#%* and *¥*** indicate the intensity differences between early and advanced
degeneration group at a statistical significance levels of p<0.05, p<0.01, p<0.001, and p<0.0001.
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Table 2: Summary of predicted sensitivity, specificity, and accuracy for differentiating early and advanced
degenerated ACLs using the selected Raman peak intensities and the intensity ratios. The gray shadows
indicate the maximum values of sensitivity (100%), specificity (100%), accuracy (91%), and AUC (0.981).

After leave-one sample-out cross validation

Parameters (Predicted) (I?AOUCC)
Sensitivity Specificity Accuracy

5 l1516 67% (16/24) 95% (19/20) 80% (35/44) 0.871

b0« 11749 75% (18/24) 95% (19/20) 84% (37/44)  0.969

S % a l1030/11749 92% (22/24) 80% (16/20) 86% (38/44)  0.977

@ l1002/11749 96% (23/24) 80% (16/20) 89% (39/44)  0.944

= l1101/11749 100% (24/24) 80% (16/20) 91% (40/44)  0.981

l1749 vs. lis1e 75% (18/24) 100% (20/20) 86% (38/44)  0.969

1784/11749 vS. liwoo2/lisi6 100% (24/24) 60% (12/20) 82% (36/44) 0.977

. lioo2/l1749  100% (24/24) 80% (16/20) 91% (40/44)  0.965

2 lwosollizas  92% (22/24) 75% (15/20)  84% (37/44)  0.975

% < lir01/l1740  92% (22/24) 80% (16/20) 86% (38/44)  0.975

54 lioo2/l1s16  VS.  lioo2/lizas  100% (24/24) 80% (16/20) 91% (40/44) 0.965

g' liozo/lizas 92% (22/24) 85% (17/20) 89% (39/44)  0.979

= l1101/l1749  100% (24/24) 80% (16/20) 91% (40/44) 0.981

= lioo2/l1749  VS. lioso/lizas  92% (22/24) 85% (17/20) 89% (39/44) 0.971

l1101/l1749  100% (24/24) 80% (16/20) 91% (40/44) 0.981

lioso/li7a9  VS. luoa/lizae  96% (23/24) 75% (15/20) 86% (38/44) 0.977

LDA: linear discriminant analysis; ROC: receiver operating characteristic (ROC) curve; AUC: area under
the ROC curve
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Figure 2: Two-dimensional scatter plots of peak intensities and intensity ratios of Raman spectra from early and
advanced degenerated ACLs. The two-parameter LDA was applied to each plot in the pairs of [J449, £,5:4] (a),
(L1002 15160 L1002/ 172401 (0)s [L1002/ L 15160 L1101/ 17401 (©)s and [1002/T 17405 L1101/ 21740] (d). Their linear discrimination
lines were obtained as /5= -6.97 I}749+ 0.0002, 1,005/ 746= -0.46 I 502/1 516+ 14.94, 1} 1011 740= -0.02 1005/ L1516
+7.48, and I, 4,/1,740= -0.10 I, 05/, 749 T 6.20, respectively.
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