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Abstract

Objective: To assess the /n vivo relationship between the mechanical response of intervertebral
discs (IVDs) to dynamic activity and IVVD biochemical composition assessed via T1rho relaxation
imaging.

Design: Eighteen asymptomatic participants with no history of low back pain (LBP), injury,
or surgery underwent magnetic resonance (MR) imaging of their lumbar spine prior to and
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immediately following a treadmill walking “stress test.” Anatomic (SPACE, FLASH) MR images
were obtained pre- and post-exercise and utilized to measure VD mechanical deformation.
Quantitative (T1rho) imaging was performed pre-exercise to reflect IVD composition. Pre-exercise
anatomic images were also utilized to assess 1VD degenerative status based on the modified
Pfirrmann scale. To quantify mechanical response, 3D surface models of the L1-L2-L5-S1 IVDs
were created from manual segmentations of pre- and post-exercise anatomic images and utilized
to assess changes in VD height. IVD strain (%) was defined as change in 1VVD height normalized
to pre-activity height. Linear mixed models were used to assess the relationships between IVD
mechanical deformation (strain), composition (T1rho relaxation time), and degenerative status
(Pfirrmann grade).

Results: Increased compressive 1VVD strain was associated with lower T1rho relaxation times in
the nucleus pulposus (NP) of the disc (87740 =5.07, CI. [1.52, 7.77], R.... = 0.52, p=0.005).
Thus, an inverse relationship between IVD strain and NP T1rho relaxation time was observed.

Conclusion: The /n vivo mechanical response of the 1'\VD to the “stress test” was sensitive to
differences in NP composition. The results of this study suggest that quantification of /n vivo IVD
mechanical function and composition may provide insight into IVD health.

Keywords

intervertebral disc strain; low back pain; quantitative magnetic resonance imaging; in vivo
biomechanics; precision medicine; diagnostic image analysis

INTRODUCTION

Low back pain (LBP) is a leading cause of disability worldwidel=3. Current diagnostic
protocols commonly employ static (i.e., single time-point) imaging in order to identify
potential sources of pain through evaluation of spinal anatomy*-. However, the underlying
sources of pain may be unclear on these static images? /. While the causes of LBP are
multifactoriall- 2 8, intervertebral disc (IVD) degeneration has been identified as a risk factor
for LBP development® 9. 10,

IVD degeneration is often characterized by changes in tissue biochemical composition,
particularly loss of water and proteoglycans in the nucleus pulposus (NP)1L. Ex vivo
analyses have noted that degenerative changes are associated with decreased extracellular
matrix production, increased catabolic enzyme production and increased inflammatory
cytokine concentrations!? 13, Further ex vivo evidence suggests that tissue mechanics are
altered in degenerated 1VDs!1 1415 However, the effects of I\VD tissue composition on Jn
vivo mechanical function remain unclear.

To address these questions, our lab has developed and validated methods of non-

invasively evaluating the mechanical response of 1VDs to physiologic loading in vivol6-18,
Specifically, we developed a technique to measure 1D deformation, defined as percent
change in IVD height, resulting from an exercise “stress test.” In this technique, pre-

and post-exercise magnetic resonance (MR) images are utilized to create 3D surface
models of the IVDs16, which are used to assess changes in IVD height following exercise.
Additionally, T1rho relaxation imaging, a quantitative MR imaging technique, has garnered
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interest as a potential method to identify early signs of IVD degeneration10: 1%-21 due to

its sensitivity to proteoglycan and water concentrations in the 1VD10: 19-23 Together, these
techniques have the potential to measure both the mechanical function and composition of
the IVD in vivo19. 20,22, 24,

Therefore, the purpose of this study was to explore the relationship between VD
deformations resulting from dynamic loading administered via a treadmill walking “stress
test” and VD biochemical composition, measured via T1rho relaxation times. Based on
previous studies which have observed that IVD mechanics may be altered by altered VD
composition1%-24, we hypothesized that there would be an inverse relationship between VD
compressive deformations and T1rho relaxation times, such that increased compressive 1IVD
deformations would be associated with lower T1rho relaxation times.

METHODS

Exploratory Data Analysis, Power Analysis and Sample Size Estimation

We used linear mixed-effects models to determine the relationship between BMI, T1rho
relaxation times, and IVVD deformations across different lumbar 1\VVD levels. Specifically,
measurements were repeated within subjects at five lumbar VD levels (i.e., L1-L2 — L5-S1).
To determine which covariance structure would be most suitable for this linear mixed-effects
analysis, an exploratory analysis examining the pairwise correlation between within-subjects
IVD deformations at successive lumbar levels (i.e., L1-L2 — L5-S1) was conducted. Results
of this analysis suggested that I'\VD deformations were not compound symmetric (i.e.,
non-homogenous) as a function of 1\VVD level. Rather, the correlation of measures made
within-subjects decayed with increasing spatial separation between discs. Because of this,
all linear mixed-effects models developed in this study utilized a first-order autoregressive
correlation structure within subjects for parameter estimation, in favor of the compound
symmetric structure.

Using pilot data from a previously published study6, a power analysis was conducted to
estimate the sample size of 1VDs required to assess the effect of T1rho relaxation time

on IVD deformations while accounting for BMI and IVVD level. To do so, a multiple

linear regression analysis was utilized?® 26, Accordingly, two linear mixed-effects models
representing the reduced (MA: including BMI, and IVD level as predictors of IVD
deformations) and full model (Mag: including BMI, 1D level and T1rho relaxation times
as predictors of 1VD deformations) were fitted. In these analyses, BMI, and IVD level were
included as potential confounding predictors of 1\VD deformations, because they represent

physical attributes which may affect the magnitude of VD loading during activities of daily
living'6: 27-29,

Following model parameter estimation based on pilot data, the marginal coefficients of
determination from the two models (i.e., Ma, Mag) were then extracted, yielding R;,, = 0.42

and R},,, = 0.51, respectively25. Effect size was then determined using Cohen’s f2, whereby

/2= (R, — Ri)/(1 - R:,) = 0.19. The pwr.f2.test function from R’s PWR (version 1.3—
0) library was then used to estimate the denominator degrees of freedom (DF) from an
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F-test with 1 DF in the numerator (one parameter due to T1rho added to the null model),
considering a (0.05) and power (0.90). Results from this analysis indicated that a sample
size of 76 1VVDs would be sufficient to determine whether the inclusion of T1rho relaxation
times enhanced the predictive power of estimating VD deformations over the reduced
model, if Cohen’s 2 is indeed of the specified magnitude. Therefore, IVD levels L1-L2 —
L5-S1 across 18 subjects (5 1VDs * 18 subjects = 90 1VVDs) were analyzed in this study.

Subject Recruitment and MR Imaging Parameters

Eighteen asymptomatic subjects participated in this institutional review board (IRB)
approved study (Table 1). Deformation data from eight (L3-L4 — L5-S1) of the 18 subjects
(25.8%; 23/89 1VDs) were part of a previously published pilot study6. Here, MR imaging
was used to assess uniaxial VD deformations by assessing changes in 1VVD height between
pre- and post-exercise images and composition via T1rho relaxation times /n vivo. MR
images were obtained using a 3.0T scanner (Tim Trio, Siemens Medical Solutions) and 12-
channel spine matrix coil. The MR sequence parameters utilized in this study are outlined in
Table 2.

Imaging and Exercise Stress Test Protocol

To minimize the effects of diurnal changes in disc height,30 subjects rested in a supine
position for 45 minutes prior to the pre-exercise imaging. Following the rest period, subjects
were then transported supine via a stretcher to the scanner for the pre-exercise MR scan.
During the pre-exercise scan, a quantitative T1rho MR sequence (h = 18 subjects) was
performed on all subjects. Additionally, anatomical MR sequences were acquired to evaluate
and define IVD geometry. Specifically, a Sampling Perfection with Application optimized
Contrasts using different flip angle Evolution (SPACE) scan was performed in all 18
subjects. Meanwhile, a Fast Low-Angle Shot (FLASH) sequence was obtained in 2 initial
subjects. All subjects then completed an exercise “stress test”, which involved walking on

a treadmill for 30 min at a constant speed. The walking speed for each participant was
normalized according to the length of their dominate leg using a Froude number (Fr) equal
to 0.2531 32, resulting in an average walking speed of 1.5 m/s (range: 1.37-1.66 m/s,
3.1-3.7 mph). Limb length was defined as the vertical distance from the ground to the
greater trochanter of the femur. Following the cessation of the stress test, subjects walked
themselves to the MR scanner where post-exercise anatomic images were acquired using
either the SPACE (n = 16 subjects) or the FLASH (n = 2 subjects) sequence.

Assessment of Pfirrmann Grade and Degeneration Status

IVD degeneration was assessed by a musculoskeletal radiologist using a pre-exercise mid-
sagittal SPACE image for each subject according to the guidelines set forth by the 8-point
modified Pfirrmann grading scale33. IVDs were then classified as either non-degenerative
(Pfirrmann grades I-11) or degenerative (Pfirrmann grades 111-V111)33. Distribution of
Pfirrmann grades by IVD level is detailed in Table 3.
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IVD Deformation Analysis

IVD deformations were assessed via segmentation of MR images as described previously6.
Briefly, a single investigator manually segmented the outer surfaces of the L1-L2 — L5-S1
IVDs in both the pre- and post-exercise anatomic scans. A musculoskeletal radiologist with
more than 30 years of experience trained the investigator and reviewed all segmentations.
During segmentation, the investigator was blinded to subject descriptive characteristics and
demographics, including sex, BMI, NP T1rho relaxation times and degeneration status
(Pfirrmann grade). These segmentations were then used to generate 3D surface models

of the IVDs using solid modeling software (Rhinoceros 3D 4.0, Robert McNeel and
Associates, Seattle, WA) and Geomagic Wrap 2021 (3D Systems, Cary, NC)16 (Figure 1
A-D). IVD height was calculated by isolating the superior and inferior surfaces of the IVD
and subsequently estimated by calculating the mean distance between the two surfaces.
After evaluating both pre- and post-exercise models, VD deformation (%) was calculated
and defined as the percent change in IVD height from pre- to post-exercise scans6. Using
these methods, IVD height calculations have been shown to be repeatable to within 1%
across repeated segmentations1®. Additionally, prior work in our lab found comparable
repeatability in disc heights between different days!’.

IVD Composition Analysis

Average T1rho relaxation times within the NP of each VD were obtained to reflect IVD
tissue composition. This analysis of VD composition was performed using custom software
developed in MATLAB (R2021b) (MathWorks, Inc., Natick, MA). Specifically, IVD surface
models were superimposed onto the T1rho image volumes in order to isolate the NP region
of the disc. The NP region was isolated by extracting voxels within 50% of the radial
distance from the IVD centroid to the boundary of the IVD surface model16: 17,

To register IVD surface models to the T1rho images, first the T1rho images were cropped
(Figure 1E) to isolate a single 1\VVD of interest. Using an IVD-specific signal intensity
threshold, a binary volumetric mask of the I\VVD was then created in order to approximate
the centroid of the I\VVD in the T1rho image volume. Then, the surface model derived from
the anatomic MR images was aligned with the volumetric T1rho mask at its centroid. The
surface model was subsequently rigidly registered to the edges of the volumetric mask using
an iterative closest point algorithm (Figure 1F). To refine the initial position of the surface
model in the T1rho image volume, a custom graphical user interface (GUI) allowed the user
to adjust the position of the VD using six degrees-of-freedom rigid transformations. To
assess model alignment in the T1rho image volume, the GUI visualizes both the 3D surface
model (Figure 1F) and the segmentation masks (Figure 1G) created by the 3D position of
the VD model in the volume. The voxels contained within the surface model were then
extracted for T1rho relaxation time analysis.

Once the position of the surface model in the T1rho image volume was determined, the
T1rho relaxation time for each voxel (Figure 1H) contained within the surface model was
calculated by fitting a mono-exponential decay function (S(7SL) = Sy exp(— 7SL/T1rho)) to
the signal intensities at each spin-lock time (7SL). In this equation, signal intensity at each
TSL is denoted by S(7SL), while Spyis the maximum signal intensity, and 7Zrhois the
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relaxation time32. The NP region of the disc was then isolated from the whole-1VD model
by extracting those voxels located within 50% of the radial distance from the I\VD model’s
centroid’: 18, The average T1rho relaxation time within the NP region was then calculated
for each subject and used in subsequent analyses.

Statistical Analyses

Routine descriptive characteristics (i.e., age, height, weight, body mass index (BMI)) were
used to summarize (mean + SD) subject demographics (Table 1). For all but one subject,
measurements were obtained from the L1-L2 — L5-S1 IVDs. One L5-S1 IVD was excluded
from analysis due to difficulties visualizing the I'VD in the anatomic MR scan. Thus, IVD
deformation and NP T1rho relaxation time measurements were obtained from 89 IVDs
across the 18 subjects. All statistical models were developed in R statistical package version
4.1.2. (R Core Team, 2021) using the NLME package (3.1-153).

Kolmogorov-Smirnov tests suggested that T1rho relaxation data were non-normally
distributed. Thus, prior to all analyses, a natural log transformation was applied to the NP
T1rho relaxation time. In the first of two primary analyses, a linear mixed-effects model was
developed to assess if NP T1rho relaxation times differed between degeneration groups (i.e.,
non-degenerative: Pfirrmann grades I-11; degenerative: Pfirrmann grades I11-VI11). In this
model, NP T1rho relaxation time was treated as the outcome measure, while degeneration
status was treated as a fixed effect, and subject was treated as a random effect to account for
correlation among measures within subjects.

We then assessed the effect of NP T1rho relaxation times on 1D deformation using a
second linear mixed-effects model, whereby VD deformation was the outcome measure.
In this model, the relationship between IVD deformation and NP T1rho relaxation times
was assessed while controlling for confounding factors: 1VD level (categorical) and BMI
(continuous). These factors were included as fixed main effects, as they may affect loading
magnitude or resultant measured 1VD deformationl®: 27: 28, Prior work has demonstrated
that T1rho relaxation times and Pfirrmann grades are collinearl0: 20, Thus, degeneration
status was not included in this model.

Furthermore, for both models, a sensitivity analysis was performed to assess the stability

of the parameter estimations to the imaging sequences used for manual segmentation.
Accordingly, data from the two subjects whose manual segmentations were performed using
FLASH images was omitted and the linear mixed-effects models re-fitted; results from this
analysis did not appreciably affect model parameters (< |10|% change in all g values) or
model interpretation. As such, all subject data was retained in our final models. P-values less
than established a priori a = 0.05 indicate statistical significance. Kolmogorov-Smirnov tests
were utilized to assess normality of the model residuals.

Osteoarthritis Cartilage. Author manuscript; available in PMC 2024 January 01.
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RESULTS

NP T1rho Relaxation Times and IVD Degeneration Status

NP T1rho relaxation times were lower (Bpggen = =0.23, C/. [-0.37, -0.23], p< 0.0001)
in degenerative IVDs (Pfirrmann grades I11-VI11) as compared to non-degenerative I1VDs
(Pfirrmann grades I-11).

IVD Deformation and NP T1lrho Relaxation Times

The mean deformation across all IVDs was —6.5 + 4.0%. Importantly, this study revealed
that increased compressive I\VVD deformation (8774, = 5.07, Cf. [1.63, 8.52], R... = 0.52, p=
0.005) was associated with lower NP T1rho relaxation times while controlling for BMI and
IVD level (Figure 2). Thus, an inverse relationship between 1D deformation and NP T1rho
relaxation time was observed.

Post-Hoc Model Diagnostic Analyses

Kolmogorov-Smirnov tests did not detect that model residuals were non-normally
distributed for the relationship between VD composition and mechanical function (p =
0.987) or for the relationship between NP T1rho relaxation time and degeneration status (p =
0.858).

DISCUSSION

In this study, we investigated the relationship between /in vivo IVD deformations resulting
from a treadmill walking “stress test” and IVVD composition as reflected by NP T1rho
relaxation times. While controlling for IVD level and BMI, we observed an inverse
relationship between compressive VD deformations and NP T1rho relaxation times. Thus,
the results of this study indicate that the /7 vivo mechanical response of the IVD is sensitive
to NP composition as assessed via T1rho relaxation imaging.

Our results indicate that degenerated discs (Pfirrmann grades 111-VI11) have NP T1rho
relaxation times that are approximately 20ms lower than the group of non-degenerative
IVDs. The results of these analyses are consistent with prior work10: 19. 23, 24,34 \whjch
has observed that T1rho relaxation times decrease as degeneration progresses, and is
attributable to changes in VD composition. As previously noted, degeneration status was
not included in our primary model because Pfirrmann grades and NP T1rho relaxation
times are collinearl? 20, which is consistent with the findings of our model relating T1rho
relaxation times to degeneration status.

We observed a mean compressive deformation of 6.5% across all IVDs. Interestingly,
despite differences in both loading protocols (e.g., treadmill walking vs. loading
apparatus) and measurement techniques, Chan and Neu (2014) observed similar mean IVD
deformations (nominal strain = —5.9%)3°. Importantly, in our study, the fitted parameter
estimates suggested that a 1% decrease in measured 1D compression would be expected
for every 20ms increase in mean NP T1rho relaxation time. Thus, the results of this

study agree with prior ex vivoworks which have found that degenerated 1\vVDs1 27. 36, 37
and those with experimentally-manipulated NP composition!?: 19. 22-24, 37-40 demonstrate
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altered mechanics. Specifically, prior studies have observed that changes in proteoglycan
and water concentrations are related to altered VD tissue stiffness3”- 38, stress and

strain distributions?”: 40, fluid recoveryl? 36.39 and failure mechanisms (e.g., herniation,
delamination, fissure)11: 40, These changes are hypothesized to arise due to the loss

of hydrophilic proteoglycans, which are largely responsible for generating osmotic and
swelling pressures in the VD tissues38: 3941 |n the healthy VD, these pressure gradients
allow the NP to exert hydrostatic pressure onto the lamellae of the adjacent annulus
fibrosus (AF) when the IVD is loaded!!: 15, This hydrostatic pressure creates circumferential
tension within the AF, augmenting the structural stiffness of the 1\VD and improving its
resistance to compressive forces!: 15, Diminished pressurization of the NP has been shown
to place an increased load-bearing burden on the AF11: 40 Thus, in the present study,

the increasing compressive deformations observed in IVDs with lower T1rho relaxation

times, may be related to these altered load-bearing mechanisms observed in prior ex vivo
studies!3: 15. 19, 27, 36-39.

When considering the development of LBP, the observation that distinct stress distributions
and failure mechanisms occur in degenerated 1VDs as compared to healthy 1\VVDs is of
particular interest. To this point, the presence of nervous fibers in the inner AF and NP

has been observed in both human and animal models of 1VD degeneration and LBP42-45,
suggesting that VD degeneration may lead to innervation of deeper tissue structures beyond
the outermost layers of the IVD*2. Furthermore, it was recently observed that innervation

of degenerated 1VVDs may specifically occur in mechanically disrupted tissues (e.g., annular
fissures)*3. Additionally, prior studies have demonstrated that proteoglycans in tissue culture
inhibit nervous fiber growth#3: 46. 47 Together, these findings suggest that structural tissue
disruptions and loss of proteoglycans in IVDs may potentiate degenerative processes which
provide a mechanism for the onset of discogenic LBP#3. In light of these findings, future

in vivo analyses which evaluate the longitudinal relationship between VD composition and
mechanical function in individuals who develop acute and chronic LBP will be integral to
understanding how these factors may change and play a role in the development of LBP.

While every effort was made to minimize the time elapsed between the end of the

walking exercise and the start of post-exercise imaging, it is likely that some recovery
occurred prior to and during the post-exercise MRI48, resulting in underestimates in

our measurements of compressive deformation. Despite this potential for underestimating
deformations immediately after exercise, we were still able to detect relationships between
IVD composition and deformation in this study. In comparison to similar ex vivo
analyses!>: 19,2736, 40 sty dies examining /n vivotissue mechanics tend to have relatively
coarse sampling resolutions. However, future work which leverages recent improvements
to both spatial4?: 49 50 and temporal#® resolutions in MR imaging may enable finer
characterization of 1VVD mechanics /n vivo.

Finally, in this study, the boundaries between the NP and AF were delineated by isolating
the voxels within 0-50% of the radial distance from the centroid of the 3D surface
model. While this technique does not consider subject-specific anatomical differences in
NP geometry, the use of a pre-defined NP boundary is consistent with prior imaging
studies1®: 17. 18, 20, 23, 34 Nevertheless, exploration of alternative methods for identifying
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anatomic boundaries within the IVD, therefore, may be useful as a way for validating or
improving upon current methods. Despite this limitation, the NP T1rho relaxation times
observed in this study were consistently higher than those in the surrounding regions. This
finding is consistent with prior work quantifying the relationship between regional VD
anatomy and T1rho relaxation timesl9 23. 24, 41,

In conclusion, this study investigated how /n vivo IVD mechanical function relates to IVD
composition in a relatively young, asymptomatic sample of individuals. The results of this
study indicate that the mechanical response of 1VDs to dynamic in vivo loading are sensitive
to the composition of the NP, as measured by T1rho relaxation times. Finally, the results of
this study suggest that quantification of /n vivo IVD mechanical function with respect to its
composition may be a useful tool in understanding the development of IVD degeneration
and discogenic LBP.
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Figure 1: IVD Modeling and T1rho Relaxation Analysis Pipeline.
(A/B/C) IVD contours are manually segmented and transformed into wireframe models. (D)

Solid modeling software is then used to develop 3D surface models of the 1VVDs. (E) T1rho
image volumes were then cropped to isolate an I\VVD. Using an IVD-specific signal intensity
threshold, a binary volumetric mask of the IVVD was then created in order to approximate
the centroid of the I\VVD in the T1rho image volume. (F) Then, the surface model derived
from the anatomic MR images was aligned with the volumetric T1rho mask at its centroid
and rigidly registered to the edges of the volumetric mask using an iterative closest point
algorithm. (G) Ultimately, the voxels contained within the surface model were then utilized
to generate segmentation masks of the 1\VVD in the T1rho volume. To refine the initial
position of the surface model in the T1rho image volume, a custom graphical user interface
(GUI) allowed the user to adjust the position of the IVD using six degrees-of-freedom

rigid transformations. (F) To assess model alignment in the T1rho image volume, the GUI
visualizes both the 3D surface model and the segmentation masks (G) created by the 3D
position of the I'VD model in the volume. (H) Once the position of the surface model in the
T1rho image volume was determined, the T1rho relaxation time for each voxel contained
within the surface model was calculated. The NP region of the disc was then isolated

from the whole-IVVD model by extracting those voxels located within [0-50%] of the radial
distance from the IVD surface model’s centroid. The average T1rho relaxation time within
the NP region was then calculated for each subject and used in future analyses.

Osteoarthritis Cartilage. Author manuscript; available in PMC 2024 January 01.

180
160
140
120
100
80
60
40
20

—_

(sw) swi uonexeey d|



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Coppock et al.

IVD Deformation (%)

Page 14

IVD Strain vs NP Tlp
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Figure 2: IVD Deformations are Inversely Associated with NP T1rho Relaxation Times.
Assessment of the relationship between VD composition and mechanical function revealed

that lower NP T1rho relaxation times were associated with increasing compressive 1IVD

strain (87740 = 5.07, Cl: [1.52, 7.77], R;,.. = 0.52, p = 0.005), while controlling for BMI
and VD level. Thus, an inverse relationship between NP T1rho relaxation time and VD
strain was observed. Degenerative status (determined by Pfirrmann grade) is denoted by
light orange (non-degenerative) and dark orange (degenerative).
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Table 1:

Subject Demographics

Sex (n)
Parameter Female (11) Male (7)
Age (vears) 25.1+31 314+154
Height (m) 1.64+0.06 1.84+0.05
Weight (kg) ~ 658+13.4 92.0+156
BMI (kg/m?) 24549 27.1+4.0
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Table 2:
MR Sequence Parameters.
Sequence
Parameter FLASH T2w SPACE Tilrho
Purpose 3D Modeling  Pfirrmann grading/3D Modeling Composition
Repetition Time (ms) 9.0 2500 4000
Echo Time (ms) 3.7 223 55
Spin Lock Times (ms) - - 2, 10, 20, 40, 60 (500 Hz)
Flip Angle (°) 14.88 100 15
Matrix Size (voxels) — 224 x 256 x 64 320 x 320 x 80 256 x 256 x 26
Resolution (mm) 1.0x1.0x1.0 0.875 x 0.875 x 0.875 0.976 x 0.976 x 3.00
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Table 3:

Pfirrmann Grade Count by level and degenerative status

Pfirrmann Grade (I - VIII)

Non-degenerative (n = 63) Degenerative (n = 26)
IVD Level | 1 I v v Vvi Vil VI
L1-12 - 15 3 - - — b -
L2-L3 - 15 3 - - - - -
L3-L4 - 15 2 - 1 - - -
L4-L5 b 11 4 2 - 1 - -
L5-51 - 7 6 1 - 2 - 1
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