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Abstract
Purpose  Magnetic resonance imaging (MRI) is routinely used to evaluate spine pathology; however, standard imaging find-
ings weakly correlate to low back pain. Abnormal disc mechanical function is implicated as a cause of back pain but is not 
assessed using standard clinical MRI. Our objective was to utilize our established MRI protocol for measuring disc function 
to quantify disc mechanical function in a healthy cohort.
Methods  We recruited young, asymptomatic volunteers (6 male/6 female; age 18–30 years; BMI < 30) and used MRI to 
determine how diurnal deformations in disc height, volume, and perimeter were affected by spinal level, disc region, MRI 
biomarkers of disc health (T2, T1rho), and Pfirrmann grade.
Results  Lumbar discs deformed by a mean of −6.1% (95% CI: −7.6%, −4.7%) to −8.0% (CI: −10.6%, −5.4%) in height and 
−5.4% (CI: −7.6%, −3.3%) to −8.5% (CI: −11.0%, −6.0%) in volume from AM to PM across spinal levels. Regional defor-
mations were more uniform in cranial lumbar levels and concentrated posteriorly in the caudal levels, reaching a maximum 
of 13.1% at L5–S1 (CI:−16.1%, −10.2%). T2 and T1rho relaxation times were greatest in the nucleus and varied circum-
ferentially within the annulus. T2 relaxation times were greatest at the most cranial spinal levels and decreased caudally. 
In this young healthy cohort, we identified a weak association between nucleus T2 and the diurnal change in the perimeter.
Conclusions  Spinal level is a key factor in determining regional disc deformations. Interestingly, deformations were con-
centrated in the posterior regions of caudal discs where disc herniation is most prevalent.

Keywords  Spine · Intervertebral disc · Biomechanics · Magnetic resonance imaging · T2 relaxation time · T1rho relaxation 
time

Introduction

The lumbar intervertebral discs play a critical mechanical 
role in the spine, but naturally degenerate with age and are 
implicated in low back pain, a condition that affects 70–85% 
of the population [1]. Radiographic and magnetic resonance 

imaging (MRI) are routinely performed to assess disc pathol-
ogies, but standard findings (e.g., reduction in disc signal on 
T2 MRI, disc narrowing on radiography) are only weakly 
correlated with low back pain [2, 3]. In the absence of effec-
tive diagnostic imaging and clinical examination findings, 
clinicians are left to identify pain sources by probing at-risk 
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regions (e.g., epidural spinal injection, discography) to 
exclude potential pain generators (e.g., arthritic discs/fac-
ets, stenosed neuroforamina). This diagnosis and treatment 
strategy is time-consuming, costly, and often invasive. Our 
global hypothesis is that evaluating disc mechanical function 
through non-invasive imaging will empower clinicians to 
directly identify a primary cause of low back pain.

Because aberrant spine function is associated with low 
back pain [4, 5], measuring normal in vivo disc function is 
critical to understanding back pain. There have been several 
pre-clinical research efforts to evaluate disc function via 
imaging [6–9]. In addition to these, our lab has developed 
an MRI framework to measure changes in three-dimensional 
(3D) disc geometry that result from physical activity in 
human subjects [10]. To do so, pre- and post-activity MRI 
scans are acquired, 3D models of the discs are generated 
at each timepoint, and shape changes are quantified with 
sub-pixel precision. We have also applied quantitative MRI 
sequences like T2 mapping and T1rho mapping that can 
estimate tissue water and proteoglycan content in vivo [11, 
12]. By combining these techniques, we can determine the 
relationships between disc composition and function in an 
in vivo setting.

Building on our previous work in developing an MRI pro-
tocol for evaluating site-specific changes in disc height [10], 
the objective of this study was to quantify how disc deforma-
tions and biomarkers of disc composition varied by spinal 
level and disc region in young, asymptomatic volunteers. 
To do so, we leveraged previous work on diurnal changes in 
the lumbar discs [13] and measured diurnal changes in disc 
geometry (mean height, volume, perimeter) and regional 
disc height in 3D. We also evaluated regional disc composi-
tion through T2 mapping and T1rho mapping. We hypoth-
esized that disc deformations and T2 and T1rho relaxation 
times vary by disc region and spinal level. Furthermore, we 
identified a subset of discs in this young, healthy group that 
was degenerated and performed a preliminary analysis of 
disc deformation in the context of degeneration.

Methods

Subject recruitment

After approval from the Duke Health IRB, we enrolled 
twelve participants (6 M, 6F) between the ages of 18 and 
30 and with body mass index (BMI) < 30. Participants were 
excluded if they had a history of spine deformity; spine sur-
gery; low back pain; sciatica; arthritis in the knee, hip, hand, 
or neck; diabetes; or smoking. Participants also completed 
the National Institutes of Health Task Force on Research 
Standards for Chronic Low Back Pain (NIH RTF) ques-
tionnaire. This series of questions formally evaluates spine 
health and low back pain [14] and includes items on pain 
intensity, pain interference, physical function; scores range 
from 9 (healthy) to 50 (severely diseased).

Imaging protocol

Participants were scanned at AM and PM time points to 
measure diurnal changes in disc geometry, and at the AM 
time point to quantify baseline T2 and T1rho relaxation 
times (Fig. 1). Participants arrived at the MRI facility at 
7 AM, rested for 45 min in a supine position (49 ± 4 min) 
to allow for the disc tissues to equilibrate, and were subse-
quently imaged on a 3 T MRI system (Siemens TIM Trio, 
Erlangen, Germany). Participants were scanned for geom-
etry (3D FLASH) [10], composition (T2 mapping and T1rho 
mapping), and to assess disc degeneration by Pfirrmann 
grading (T2-weighted SPACE)..Scan parameters are shown 
in Table 1. Following the MRI scan, participants were given 
a pedometer (Zip; Fitbit, Inc., San Francisco, CA) to track 
their step count and returned to their normal workday. Par-
ticipants returned to the MRI facility at 3:30 PM and were 
scanned a second time to measure PM disc geometry (time 
between scans: 7 h 17 ± 8 min). Because discs recover while 
subjects are supine during the scan, only disc geometry (not 
T2 or T1rho) was measured at the PM time point.

Fig. 1   Imaging Protocol. Participants entered the MRI facility at 
7:15 AM, rested supine for 45 min, and were transferred to the MRI 
system for disc geometry (FLASH), disc composition (T2 mapping, 
T1rho), and Pfirrmann grade (T2-weighted SPACE) evaluation. Par-

ticipants were given a pedometer, went about their normal workday, 
and returned at 3:30 PM for a second measurement of disc geometry. 
MRI magnetic resonance imaging
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Image analysis

AM and PM image stacks were manually segmented with 
custom software (MATLAB R2016b; MathWorks, Natick, 
MA) to generate 3D disc models. A blinded rater (ABO) 
manually segmented discs on the FLASH image stacks to 
generate 3D disc models. Mean height, volume, perim-
eter, and regional height were calculated as described 
previously [10]. Regional height was calculated in the 
nucleus pulposus (NP) and the outer annulus fibrosus 
(OAF) and inner annulus fibrosus (IAF) divided into ante-
rior (A), lateral (L), and posterior (P) regions (Fig. 2). 
Diurnal variations were expressed as percent change from 
AM to PM. Disc contours were then transferred to T2 and 
T1rho image stacks and average T2 and T1rho relaxation 
times were calculated in each region using a one-term 
exponential decay. In evaluating regional height loss, T2, 
and T1rho, we assumed left–right symmetry. Finally, Pfir-
rmann grades were assigned by a postdoctoral researcher 
(JTM).

Statistics

Whole-disc diurnal deformations (Δ mean height, Δ volume, 
and Δ perimeter) were evaluated using mixed-effects models 
that accounted for correlations within subjects. Spinal level 
was treated as a fixed effect while the subject was treated as 
a random effect. Regional diurnal deformations and regional 
T2 and T1rho relaxation times were similarly analyzed using 
mixed-effects models. Each spinal level was modeled sepa-
rately with the disc region treated as a fixed effect and the 
subject was treated as a random effect. For pairwise post-hoc 
comparisons, the difference of least squares means between 
each spinal level was calculated and a Tukey–Kramer cor-
rection was used for multiple comparisons. Discs with Pfir-
rmann grades I–III were included in these analyses (n = 5 
discs removed).

We evaluated associations between whole-disc diurnal 
deformations and other factors (BMI, step count, NP T2, 
NP T1rho). Mixed modeling was performed to evaluate the 
relationship between a diurnal disc deformation as a depend-
ent variable and each factor as an independent fixed variable. 
Subject was considered a random effect.

Table 1   MRI sequence parameters

MRI, magnetic resonance imaging

Sequence FLASH (3D) T2w SPACE (3D) T2 T1rho

AM time point 8:00 8:00 8:00 8:00
PM time point 3:30 – – –
Purpose Geometry Pfirrmann grading Composition Composition
Repetition time (ms) 9 2500 3630 4000
Echo or spin lock time(s) (ms) 3.7 223 20, 40, 60, 80, 100, 

120, 140
20, 40, 60, 100 (500 Hz)

Flip angle (°) 20 100 180 15
Resolution (mm) 1 × 1 × 1 0.9 × 0.9 × 0.9 1 × 1 × 3 1 × 1 × 3
Acquisition time (min:sec) 5:54 5:00 5:31 13:44

Fig. 2   MRI Segmentation Protocol. a FLASH MR images were man-
ually segmented in the sagittal and coronal planes to develop the 3D 
geometry of the disc. b Sagittal and coronal contours were compiled 
to develop a point cloud that represented the disc volume. c Discs 
were divided into anatomical regions representing the anterior, lat-

eral, and posterior portions of the NP, IAF, and OAF. This figure is 
adapted from [19] with permission from Journal of Biomechanics. 
IAF inner annulus fibrosus, MRI magnetic resonance imaging, NP 
nucleus pulposus, OAF outer annulus fibrosus



749European Spine Journal (2022) 31:746–754	

1 3

A subset of discs were degenerated based on Pfirrmann 
grading (Grade I: 18%; Grade II: 64%; Grade III: 11%; Grade 
IV: 7%, Grade V: 0%) and we preliminarily analyzed the 
associations between Pfirrmann grade and disc parameters 
using mixed effects models. Pfirrmann grade was included 
as a fixed effect while subject was treated as a random effect. 
Post-hoc comparisons are performed as described above.

The residual diagnostics of each model were inspected 
visually to confirm normality and p < 0.05 was used to indi-
cate statistical significance. Analyses were performed with 
SAS (SAS 9.4; SAS Institute Inc., Cary, NC). Throughout 

the text and figures, data are described with means and 95% 
confidence interval limits.

Results

Participant characteristics

All participants were pain-free and had excellent spine 
health with no NIH RTF scores greater than 10 (Table 2). In 
addition, the mean step count of all participants (5840) was 
similar to the daily average for adults in the United States 
(5117) [15]. One participant did not complete T2 and T1rho 
imaging for logistical reasons.

Diurnal changes in whole‑disc geometry by spinal 
level

Disc height and volume decreased from AM to PM with 
no statistical differences between spinal level, while disc 
perimeter increased at the cranial levels and decreased at 
the caudal levels, which was statistically different (Fig. 3). 
The change in mean disc height ranged from −6.1% (−7.6%, 
−4.7%) to −8.0% (−10.6%, −5.4%) (Fig. 3a) The diurnal 
change in disc volume ranged from −5.4% (−7.6%, −3.3%) 
to −8.5% (−11.0%, −6.0%) (Fig. 3b). Neither the change in 
disc height nor volume was affected by spinal level. Disc 
perimeter increased 1.1% (0.5%, 1.7%) at T12–L1 and 
decreased −0.4% (−1.7%, 0.8%) at L5–S1, illustrating a 
gradual decrease in disc bulging from cranial to caudal that 
was statistically significant (Fig. 3c).

Diurnal changes in regional disc height by spinal 
level

The diurnal change in disc height was greatest in the poste-
rior regions of the most caudal discs and evenly distributed 
in the most cranial discs (Fig. 4). Region was significantly 
associated with the diurnal change in height at L2–L3, 

Table 2   Participant demographics

BMI body mass index, NIH RTF National Institutes of Health Task 
Force on Research Standards for Chronic Low Back Pain

N 12
Age (years; mean, range) 25 (19–30)
BMI (kg/m2; mean, range) 22.6 (19.4–27.0)
Step count (steps; mean, range) 5840 (2187–10,697)
NIH RTF score (mean, range) 9.3 (9–10)
Gender, female n (%) 6 (50)
Employment status, n (%)
Student 11 (92)
Working now 1 (8)
Education level, n (%)
Bachelor's degree 9 (75)
Some college, no degree 2 (17)
Professional school degree 1 (8)
Race, n (%)
White 6 (50)
Black or African American 4 (33)
Asian 2 (17)
Ethnicity, n (%)
Not Hispanic or Latino 11 (92)
Hispanic or Latino 1 (8)
Current smoker, n (%) 0 (100)
Low-back operation, n (%) 0 (100)

Fig. 3   Diurnal Changes in Whole-Disc Geometry. a Discs uniformly 
lost 6–8% height with no significant differences by level. Data are 
displayed as observed values with mean ± 95% CI (*, p < 0.05, post-
hoc differences of least squares means). “Level effect” is the result 
of an omnibus test of fixed effects. b Discs lost 5–9% volume over 

the course of the day, with no significant differences by level. c Disc 
perimeter increased in the most cranial levels and decreased in the 
most caudal levels. There was a significant difference in the change 
in disc perimeter between T12–L1 and L5–S1 discs. CI confidence 
interval
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L3–L4, L4–L5, and L5–S1. There were no statistically sig-
nificant pairwise differences in the regional change in disc 
height at T12–L1, L1–L2, or L2–L3. However, at L3–L4, 
L4–L5, and L5–S1, changes in disc height were of signifi-
cantly greater magnitude in the posterior region of the AF 
(OAF-P) than in the anterior region of the AF (OAF-A), with 
the greatest change in regional height occurring at L5–S1.

Baseline (AM) T2 and T1rho relaxation 
times by spinal level and disc region

T2 relaxation time was greatest in the most cranial discs, 
maximum in the NP region at each spinal level, and varied 
circumferentially in the outer AF regions of discs L1–L2 
through L4–L5 (Fig. 5a). For all levels, T2 was significantly 
greater in the NP region than all regions of the outer AF; this 
difference was maximum at the most cranial levels and mini-
mum at the most caudal levels. T2 varied throughout the AF 
as well, significantly decreasing from the anterior AF region 
to the posterior AF region at levels L1–L2 through L4–L5.

Similarly, T1rho relaxation time was greatest in the NP 
region at each spinal level and varied circumferentially in the 
outer AF (Fig. 5b). T1rho values were highest in the NP with 
significant differences between the NP and regions of the 
outer and inner AF at each level. T1rho significantly varied 
throughout the AF, as well; T1rho was lowest in the lateral 
region of outer AF (OAF-L) with significant differences 
between the OAF-L and all other AF regions at T12–L1 
through L4–L5.

Associations between variables of interest

Associations between whole-disc deformations (Δ mean 
height, Δ volume, Δ perimeter) and BMI, step count, NP T2, 
and T1rho relaxation times were evaluated. There were no 
associations between any deformations and BMI, step count, 
and NP T1rho. NP T2 was significantly associated with the 
diurnal change in perimeter (β = 0.012%/ms [0.001, 0.024]), 
but not with the diurnal change in mean height or volume.

Pfirrmann grade (Fig. 6a) was significantly associated 
with NP T2 and NP T1rho; in both cases, the Grade IV 
group was significantly different than the Grade I group, 
the Grade II group, and the Grade III group (Fig. 6b). Pfir-
rmann grade was not associated with the change in mean 
disc height, disc volume, or disc perimeter (Fig. 6c).

Discussion

We measured diurnal disc deformations in young, healthy 
volunteers and identified changes in mean height, perimeter, 
and volume across the lumbar spine. From AM to PM, discs 
uniformly lost 6–8% in mean height and 5–9% in volume, 

Fig. 4   Diurnal Changes in Disc Height, Baseline (AM) T2 Relaxation Time, 
and Baseline T1rho Relaxation Time by Disc Region. The pattern of height 
loss varied by level. At L3–L4, L4–L5, and L5–S1, disc deformation was 
concentrated in the posterior regions of the disc, while at T12–L1 and L1–L2 
there were no significant differences by region. Data are displayed as observed 
values with mean ± 95% CI (*, p < 0.05, post-hoc differences of least squares 
means). “Max” represents the location of the maximum compressive deforma-
tion. “Region effect” is the result of an omnibus test of fixed effects. A anterior, 
CI confidence interval, IAF inner annulus fibrosus, L lateral, NP nucleus pul-
posus, OAF outer annulus fibrosus, P posterior
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while there was an increase in perimeter in the most cra-
nial discs (1.1%) and a decrease in the most caudal discs 
(−0.4%). Spinal level influenced regional disc compression 
patterns. Regional deformations in the most cranial discs 
(T12–L1, L1–L2) were more uniform, while regional defor-
mations in the most caudal discs (L3–L4, L4–L5, L5–S1) 
were posteriorly concentrated with the largest posterior 
deformation at L5–S1 (−13%).

Our findings indicate that disc deformations vary by spi-
nal level and disc region. At the caudal lumbar levels, disc 
compression was concentrated in posterior disc regions. 
Consistent with these findings, posterior AF tears are more 
prevalent than anterior AF tears at the lower lumbar levels 
[16], and posterior herniation is also more prevalent at the 

lower lumbar levels [17]. Conversely, at the cranial lumbar 
levels, disc compression was more uniformly distributed. 
Consistent with these findings, posterior AF tears are less 
prevalent at the upper lumbar levels, while lateral hernia-
tion and endplate defects are more prevalent [16, 18]. It is 
not yet clear what level-dependent anatomical or mechanical 
factors influence disc deformation patterns; this is an area 
for future work.

We identified that T2 and T1rho relaxation times were 
significantly affected by spinal level, disc region, and degen-
eration grade. In degenerated discs, NP T2 and T1rho relaxa-
tion times were decreased, confirming that these quantitative 
biomarkers reflect disc health when measured in 3D. We also 
found that T2 and T1rho relaxation times decreased with 

Fig. 5   Diurnal Changes in Base-
line (AM) T2 Relaxation Time 
and Baseline T1rho Relaxation 
Time by Disc Region. a T2 
relaxation time was higher in 
the NP region than the OAF 
regions at each level. At L1–L2, 
L2–L3, L3–L4, and L4–L5, the 
lowest T2 values occurred in the 
posterior regions of the OAF. 
b T1rho was greatest in the NP 
region discs at each level. At 
L1–L2 to L4–L5, T1rho of the 
lateral regions was significantly 
lower than the anterior and/or 
posterior regions. Data are dis-
played as observed values with 
mean ± 95% CI (*, p < 0.05, 
post-hoc differences of least 
squares means). “Region effect” 
is the result of an omnibus test 
of fixed effects. A anterior, CI 
confidence interval, IAF inner 
annulus fibrosus, L lateral, NP 
nucleus pulposus, OAF outer 
annulus fibrosus, P posterior
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increasing distance from the NP, matching the general pat-
tern of water and glycosaminoglycan distribution measured 
in cadaver discs [19]. T2 and T1rho relaxation times varied 
circumferentially in the AF, which may indicate local varia-
tions in the extracellular matrix in these young participants. 
NP T2 relaxation times were greater in the cranial lumbar 
discs when compared to the caudal discs. This may indicate 
decreased transport/nutrient availability at the caudal levels; 
future work should track how altered hydration impacts the 
progression of disc degeneration.

While the soft tissues of the spine may be conditioned 
by physical loading [20], we did not detect a relationship 
between BMI or step count and disc deformations. Step 
count may not be an effective measure of spine loading as it 
does not account for gravitational loading or activity timing, 
intensity, and duration. The disc deformations imposed by 
specific activities is an area for future work. Additionally, 
this study evaluated individuals within a narrow, healthy 
range of BMI. Since obesity has been linked to spine disease 
and back pain [21], future work should evaluate disc func-
tion over a wider BMI range.

There are conflicting reports of increased compliance 
[22] and decreased compliance [23] in degenerated cadaver 
discs. In this study, we identified a weak association between 
NP T2 (a marker of disc health) and the diurnal change in 
the perimeter. However, we could not detect an association 
between NP T2 and the diurnal changes in mean height or 
volume, nor did we detect an association between Pfirrmann 
grade and any diurnal changes in disc geometry. Clinical 

imaging findings of degeneration alone are weakly asso-
ciated with low back pain [2, 3]. We propose that imag-
ing findings of degeneration and measurements of in vivo 
mechanical function provide complementary information 
about spine health and, when assessed in combination, could 
improve the diagnosis of the underlying causes of low back 
pain. Further, studies evaluating disc mechanical function 
across the spectrum of degeneration and in the context of 
low back pain are required.

Conclusion

We measured diurnal deformations across the lumbar spine, 
identifying that lumbar discs decrease in height 6–8% on 
average over the course of the workday. While mean disc 
height loss at each level was similar, there were level-
dependent patterns of regional disc height loss. Specifi-
cally, there was a more uniform pattern of deformation in 
the cranial discs but a posterior concentration of height loss 
in the most caudal discs (maximum 13%). This pattern cor-
responds to the typical locations of AF tears and disc her-
niations, and highlights the importance of measuring site-
specific differences in disc compression. Taken together, our 
findings suggest that spinal level and disc region are key 
factors that determine in vivo disc deformations.

Fig. 6   Associations between 
Pfirrmann Grade and Diurnal 
Deformations, NP T2 Relaxa-
tion Time, NP T1rho Relaxation 
Time. a We imaged 72 discs 
in 12 subjects. Of these discs, 
18% were Pfirrmann grade I, 
64% were grade II, 11% were 
grade III, and 7% were grade 
IV. There were no grade V 
discs. b Pfirrmann grade was a 
significant predictor of NP T2 
and NP T1rho. Data are dis-
played as observed values with 
mean ± 95% CI (*, p < 0.05, 
post-hoc differences of least 
squares means). “Grade effect” 
is the result of an omnibus test 
of fixed effects. c There were no 
associations between Pfirrmann 
grade and the diurnal changes 
in mean disc height, volume, 
or perimeter. CI confidence 
interval
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