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Abstract

Low back pain is a significant socioeconomic burden in the United States and lumbar 

intervertebral disc degeneration is frequently implicated as a cause. The relationship between in 
vivo disc function and back pain is poorly defined, however. The objective of this work was to 

develop a technique using magnetic resonance imaging (MRI) and three-dimensional modeling to 

measure in vivo disc deformations. Using this method, we found that disc geometry was 

measurable with precision less than the in-plane dimensions of a voxel (≈100 μm, 10% of the MRI 

pixel size). Furthermore, there was excellent agreement between mean disc height, disc perimeter, 

disc volume and regional disc height measurements for multiple trials from an individual rater 

(standard deviation < 3.1% across all measurements) and between mean height, perimeter, and 

volume measurements made by two independent raters (error < 1.5% across all measurements). 

We then used this measurement system to track diurnal deformations in the L5-S1 disc in a young, 

healthy population (n=8; age 24.1±3.3 yrs; 2M/6F). We measured decreases in the mean disc 

height (−8%) and volume (−9%) with no changes in perimeter over an eight-hour workday. We 

found that the largest height losses occurred in the posterior (−13%) and posterior-lateral (−14%) 

regions adjacent to the outer annulus fibrosus. Diurnal annulus fibrosus strains induced by 

posterior and posterior-lateral height loss may increase the risk for posterior disc herniation or 
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posterior AF tears. These preliminary findings lay a foundation for determining how deviations 

from normal deformations may contribute to back pain.

1. Introduction

Chronic pain conditions burden the United States economy at an estimated $560–$635 

billion per year and back pain accounts for the majority (Gaskin and Richard, 2012). The 

intervertebral discs are implicated in back pain (Raastad et al., 2015) but the relationship 

between altered disc function and pain is poorly defined. While research has focused on ex 
vivo analysis of disc mechanics (Iatridis et al., 1998; Johannessen and Elliott, 2005; Mimura 

et al., 1994; O’Connell et al., 2012; O’Connell et al., 2011b; Yao et al., 2002), in vivo 
measurements are scarce. Defining the in vivo mechanical environment of the lumbar discs 

will lay a foundation for identifying pathologic motion patterns that contribute to back pain.

Measuring three-dimensional (3D) disc deformations can shed light on disc patholgies as 

local strain concentrations may predict the site-specific nature of disc tears, herniation, and 

bulging (Ebeling and Reulen, 1992; Fries et al., 1982; Osti et al., 1992). Daily activities 

induce disc deformations; there are diurnal variations in disc shape, spine length, and disc 

water content (Boos et al., 1996; Boos et al., 1994; Botsford et al., 1994; Lee et al., 2005; 

McGill and Axler, 1996; Paajanen et al., 1994). Diurnal disc deformations may be related to 

disc pathologies, however in previous studies, diurnal variations in disc shape were not 

evaluated in a site-specific manner. Our lab has developed magnetic resonance imaging and 

solid modeling tools to measure three-dimensional (3D) soft tissue-deformations in the knee 

(Carter et al., 2015; Sutter et al., 2015; Van de Velde et al., 2009; Widmyer et al., 2013). 

Applying these MRI and solid modeling techniques to the lumbar discs will allow for a 

comprehensive evaluation of regional changes in disc shape that result from diurnal loading.

The objective of this work was to develop a protocol to quantify disc geometry in vivo and 

then measure spatial variations in diurnal disc deformations. We evaluated the inter- and 

intra-rater reliability of an MRI and 3D modeling tool for measuring disc shape and then 

quantified diurnal shape changes in the L5-S1 disc in a young, healthy population. We 

hypothesized that there would be diurnal changes in whole disc geometry (volume, 

perimeter, mean height) and region-specific changes in disc height.

2. Methods

2.1 Development and reliability of an MRI and 3D modeling protocol for quantifying disc 
shape

Institutional approval and informed consent were obtained prior to conducting all studies. 

One subject with no history of spine disease or back pain was imaged on a 3T MR scanner 

(Siemens Medical Systems, Erlangen, Germany). Sagittal images were generated using a 3D 

Fast Low-Angle Shot (FLASH) sequence (TE/TR: 3.7ms/9.0ms; flip angle, 20°; in-plane 

resolution, 1mm × 1mm; slice thickness, 1 mm; matrix, 224 × 256). 3D image stacks of the 

T12-L1, L1-L2, and L2-L3 discs were manually segmented in sagittal and coronal planes 

three times by two individual raters (Rater 1 ABO, experience: 1 year; Rater 2 JTM, 
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experience: 9 years) using custom software in MATLAB (Mathworks Inc., Natick, MA) 

[Fig. 1]. Each disc was segmented on separate days over a one-week span.

After segmentation, sagittal and coronal contours were compiled and geometric parameters 

were extracted from the resultant point cloud. First, inferior and superior vertebral endplates 

were automatically identified to calculate disc height. To do so, the top and bottom surfaces 

of the point cloud were selected and an algorithm based on the height gradient in the radial 

direction was used to automatically identify the endplate perimeter. This algorithm took 

advantage of the height gradients that occur at the peripheral regions of the endplate where 

the disc wraps around the interfacing vertebra. The endplate boundary was defined where 

the maximum change in height gradient occurred (second derivative of height with respect to 

radial distance). Disc regional height was calculated as the distance between endplates at 48 

evenly distributed regions defined using a disc-specific coordinate system [Fig. 1C]. The 

endplate perimeter served as an outer circumferential boundary with three additional 

circumferential boundaries at 75%, 50% and 25% of the outer boundary. Then, twelve 

radially-oriented lines originating from the disc centroid further divided these four 

circumferential regions (for a total of 48 disc regions). Points from the top and bottom 

endplate surfaces within these regions were collected, their respective centroids were 

calculated, and the distance between these centroids was used to define the region height. In 

addition, mean disc height was calculated as the distance between the two endplate 

centroids, disc perimeter was defined as the disc boundary in the axial plane at mid-height, 

and disc volume was defined as the area within each drawn contour multiplied by the slice 

thickness.

To ensure a consistent morning (AM) baseline reference point, we evaluated the 

repeatability of the MRI 3D disc geometry measurements over three scans of an individual 

subject. One subject with no history of spine disease or back pain was recruited and, on 

three separate days spaced over one month, the participant arrived at the MRI facility at 7 

AM, rested for 45 minutes in a supine position (mean ± standard deviation, 50±1 min), and 

was scanned via the 3D FLASH sequence. Images were processed by an individual rater to 

measure variability in the mean height, perimeter, volume and regional height.

2.2 Diurnal Variations in Lumbar Disc Shape

Eight young, healthy participants (2 male, 6 female) with no history of spine disease or back 

pain were recruited to measure diurnal changes in the L5-S1 disc shape. Participants arrived 

at the MRI facility at 7 AM, rested supine for 45 minutes (49±4 min) and were scanned 

using the 3D FLASH sequence. Participants were instructed to refrain from strenuous 

activity the night prior to and the morning of their scan. Participants completed the National 

Institutes of Health Research Task Force Minimum Dataset to formally evaluate their spine 

health and back pain [range: 9 (perfect health) - 50 (severely diseased)] (Deyo et al., 2014). 

Following the AM MRI scan, participants were given a pedometer (Zip; Fitbit, Inc., San 

Francisco, CA) to track their step count and returned to their normal workday unsupervised. 

Participants returned to the MRI facility at 3:30 PM and were scanned a second time using 

the 3D FLASH sequence (time between scans: 7 h 17±8 min). AM and PM image stacks 

were manually segmented by an individual rater to generate 3D disc models and changes in 
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mean height, perimeter, volume and regional height were measured. All scans were reviewed 

by a musculoskeletal radiologist (CES) to ensure that no discs were abnormal.

2.3 Statistics

Intra-rater reliability was defined as the standard deviations of the mean height, perimeter, 

volume and regional height measurements made by Raters 1 and 2. Inter-rater error in the 

mean height, perimeter, and volume calculations were determined by comparing the means 

and standard deviations from 3 independent trials conducted by Rater 1 and Rater 2. AM 

scan repeatability was defined as the standard deviation of the mean height, perimeter, and 

volume measurements from the three scans.

Single-sample t-tests were used to evaluate diurnal changes in mean height, perimeter, and 

volume. Regional heights were averaged in areas of anatomic relevance [Fig. 2]: the nucleus 

pulposus (NP); the outer annulus fibrosus (OAF) in posterior (P), posterior-lateral (PL), 

lateral (L), anterior-lateral (AL), and anterior (A) regions; the inner annulus fibrosus (IAF) 

in P, PL, L, AL, and A regions. We assumed that deformations on the left and right sides of 

the disc were symmetric, left and right regions were averaged for each the OAF-PL, OAF-L, 

OAF-AL, IAF-PL, IAF-L, and IAF-AL. A one-way analysis of variance was used to 

evaluate the effect of anatomic region with Tukey’s test used for post-hoc pairwise 

comparisons. Finally, linear regression was performed to determine whether step count or 

BMI correlated to changes in mean disc height, disc volume or disc perimeter. Significance 

was defined as p<0.05.

3. Results

3.1 Segmentation Reliability

Through manual segmentation and the generation of 3D MRI models, disc geometry 

measurements were repeatable at precision less than the in-plane dimensions of a voxel 

[Table 1]. There was agreement between the regional height distributions for multiple trials 

from an individual rater and between the two independent raters [Fig. 3]. For intra-rater 

reliability, variations in the mean height, perimeter, volume and regional height 

measurements were less than 3.1% (%mean) across all measurements [Table 1]. For inter-

rater reliability, measurement differences between Rater 1 and Rater 2 were minimal (mean 

disc height: 1.5%±2.1%; disc perimeter: −1.1%±0.9%; disc volume: −1.0%±3.2%). 

Scanning a single subject three times on three separate days yielded minimal differences 

(standard deviations in mean disc height: 2.0%; disc perimeter: 0.4%; disc volume: 1.1%).

3.2 Diurnal Variations in Lumbar Disc Shape

Participants were young (24.1±3.3 yrs) with low BMI (22.5±3.4) and low Minimum Dataset 

scores (9.3±0.5) [Table 2]. There were significant variations in height loss across the disc, 

the largest in the OAF-PL region (−13.7±5.8%) and smallest in the OAF-A region 

(−4.5±2.3%) [Fig. 4]. Mean disc height and disc volume also significantly decreased (height: 

−7.6% or −0.63 mm; volume: −9.3% or −1.1 cm3), with no change in disc perimeter. We did 

not detect correlations between shape changes and participant step count.
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4. Discussion

We validated a protocol for non-invasively quantifying intervertebral disc geometry in vivo 
using MRI (3D FLASH) and solid modeling, establishing intra- and inter-rater variability, 

and MRI scan repeatability. Disc geometry measurements were repeatable with precision 

less than the in-plane dimensions of a voxel (≈100 μm resolution, 10% of the MRI pixel 

size). Two independent raters were consistent to within approximately 1% of the mean disc 

height, perimeter and volume, and variability was minimal between MRI scans. We 

measured physiological L5-S1 disc deformations that resulted from activities of daily living. 

Interestingly, height loss was concentrated in the posterior disc regions.

Previous work evaluating diurnal changes in disc shape described a height loss (in 2D) of 1–

2 mm over an 8-hour workday (Boos et al., 1996) and volume decrease of 1–2 cm3 (Hutton 

et al., 2003). While these previous results compare favorably with the current study, we also 

measured localized changes in disc height and found that the largest deformations occurred 

in the posterior regions of the L5-S1 disc (≈13% posterior vs. ≈5% anterior). This finding 

has important clinical implications as the L5-S1 disc typically fails posteriorly (Ebeling and 

Reulen, 1992; Fries et al., 1982; Osti et al., 1992); high posterior deformations may lead to 

disc rupture (i.e., tears, herniation, bulging) by increasing local strain in the posterior AF and 

by accelerating local degenerative processes through mechanobiological pathways. The 

physical mechanisms that cause these elevated diurnal posterior deformations are not clear; 

this is an area for future research.

An inherent limitation of this MRI technique is that participants were supine when scanned 

and not subject to gravitational forces along the spine axis. Still, residual disc deformations 

persisted as the disc recovers height over a characteristic duration much longer than the MRI 

scan (O’Connell et al., 2011a). While the specific repeatability calculated here may not be 

transferrable to other MRI sequences, we demonstrated that manual segmentation can 

provide measurement repeatability at less than the MRI pixel dimensions, a finding 

applicable across imaging platforms. Furthermore, we could not detect correlations between 

step count and disc shape variations. Step count may not fully characterize disc loading as it 

does not account for activity timing, intensity, or duration; future studies with controlled 

activities are warranted.

In conclusion, we developed a method to assess in vivo disc deformations using MRI and 3D 

modeling. We found that disc shape measurements were repeatable at ≈100 μm resolution or 

10% of the MRI pixel size. Using this system, we detected diurnal changes in the height and 

volume of the L5-S1 disc in a young, healthy population. We found that deformations were 

greatest in the posterior disc regions, identifying a potential mechanism for posterior disc 

failure. Future studies should evaluate how demographic variables related to spine disease 

and back pain, like age and BMI (de Schepper et al., 2010; Goode et al., 2017; Hershkovich 

et al., 2013; Samartzis et al., 2011; Teraguchi et al., 2014), affect disc function.
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Figure 1. MRI segmentation procedure
(A) Representative contours (purple) drawn on sagittal and coronal images. (B) Compilation 

of sagittal (blue) and coronal (red) contours representing the disc shape, viewed here in the 

transverse plane. Coronal contours provided the ability to capture disc boundaries at the 

most lateral aspects. (C) 48 disc sub-regions for regional height analysis.
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Figure 2. L5-S1 disc areas used for regional height analysis
NP, nucleus pulposus; IAF, inner annulus fibrosus; OAF, outer annulus fibrosus; A, anterior; 

AL, anterior-lateral; L, lateral; PL, posterior-lateral; P, posterior.
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Figure 3. Intra- and inter-rater reliability: disc height maps from segmentation trials
(A) Intra-rater rater variability as demonstrated by disc height maps from the nine 

segmentation trials of Rater 1 (three trials each for the T12-L1, L1-L2, and L2-L3 discs). (B) 
Inter-rater variability as demonstrated through side-by-side comparison of Rater 1 and Rater 

2 trial averages.
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Figure 4. Diurnal changes in disc shape
(A) Regional disc height loss. *, p<0.05 vs. OAF-P; # p<0.05 vs. OAF-PL. (B) Heat map 

representing the mean height loss at each anatomical region. (C) Mean Changes in mean 

disc height (Ht.), disc perimeter (Perim.), and disc volume (Vol.). *, p<0.05 - single sample 

t-test.
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Table 1

Intra-rater measurement variability

Std. Dev. (%mean) Std. Dev. (abs. val.)

Rater 1 Rater 2 Rater 1 Rater 2

Mean Ht. 1.4 0.6 120 μm 50 μm

Perim. 0.6 0.5 880 μm 760 μm

Vol. 2.6 1.1 420 mm3 160 mm3

Reg. Ht. 3.1 2.6 250 μm 200 μm
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Table 2

Participant Demographics

N 8

Age (SD) 24.1 (3.3)

BMI (SD) 22.5 (3.4)

Step Count (SD) 6368 (3116)

Minimum Dataset Score (SD) 9.3 (0.5)

Gender, female n (%) 6 (75)

Employment Status, n (%)

 Student 8 (100)

 Working now 0 (0)

Education Level, n (%)

 Bachelor’s degree 7 (88)

 Some college, no degree 1 (13)

Race, n (%)

 Black or African American 4 (50)

 White 3 (38)

 Asian 1 (13)

Ethnicity, n (%)

 Not Hispanic or Latino 8 (100)

 Hispanic or Latino 0 (100)

Current smoker, n (%) 0 (100)

Low-back operation, n (%) 0 (100)
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