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Objective: The study aimed to investigate the diurnal variation in cervical disc hydration and its relationship with cervical
degeneration.

Materials and Methods: C3-C7 discs of 86 prospectively enrolled participants (37 males, 49 females; mean age + standard
deviation, 23.5 + 2.5 years) were assessed using T2 mapping in the morning and evening. All discs were stratified by
Miyazaki grade or C2-C7 Cobb angle and T2 values (T2). The degree of diurnal T2 variation (T2-DDV), defined as (morning
T2 - evening T2)/morning T2 x 100%, was measured for the entire disc, annulus fibrosus (AF), nucleus pulposus (NP), and
endplate zones.

Results: T2 of the entire disc decreased significantly after the daytime load (p < 0.001), with a T2-DDV of 13.3% for all discs
and 16.0%, 12.2%, and 13.0% for healthy (grade I), mild degenerative (grade II), and advanced degenerative (grade III/IV)
discs, respectively. T2 of regional NPs and AFs decreased significantly from morning to evening (p < 0.049) except in the
healthy anterior inner AF (p = 0.092). Compared with healthy discs, mild degenerative discs displayed lower T2 and T2-DDV
in regional NPs (p < 0.001). Advanced degenerative discs showed higher T2-DDV in the anterior inner AF compared with
healthy discs (p = 0.050). Significant diurnal T2 changes in the endplate zones were observed only in healthy discs (p =
0.013). Cervical discs in the low Cobb angle group showed higher T2-DDV in the anterior AFs and anterior NP and lower T2-DDV
in the posterior AF than those in the high Cobb angle group (p < 0.041).

Conclusion: This study characterized the diurnal variation in hydration of the cervical discs as assessed using T2 mapping
and revealed early chemo-mechanical coupling dysfunction in degenerating discs. Cervical sagittal alignment on MRI can
affect the diurnal stress patterns of the cervical discs. T2 mapping is sensitive to disc biomechanical dysfunction and offers
translational potential from biomechanical research to clinical application.
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INTRODUCTION Early cervical degeneration is defined as biomechanical
dysfunction, with cervical intervertebral disc degeneration
Neck pain is a severe public health problem worldwide occurring between 15 and 45 years of age [3,4]. An
and is associated with cervical spine disorders [1,2]. intervertebral disc comprises a fiber-reinforced annulus
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fibrosus (AF), gelatinous nucleus pulposus (NP), and
cartilaginous endplate [5]. Cervical disc degeneration can
be observed even in young individuals [6]. Evaluation of the
cervical biomechanical environment may help establish new
methods for early detection of cervical disc degeneration.
Previous studies on cervical biomechanical properties mainly
focused on in vitro stress profilometry or finite element
analysis with few characterizations in vivo [7,8]. Thus, there
remains a need for non-invasive methods to assess cervical
biomechanical dysfunction in clinical settings.

Magnetic resonance imaging (MRI) is utilized for
investigating the intervertebral discs in vivo. T2 relaxation
time (T2) could be used to accurately quantify disc water
content [9]. A previous study revealed diurnal variation
in the hydration of normal lumbar discs and characterized
their biomechanical characteristics using T2 mapping [10].
However, in vitro experiments have shown structural and
functional differences between the cervical and lumbar
discs [7,11]. The cervical disc has a more fibrous nucleus
and thinner posterior annulus [7,11]. Its biomechanical
characteristics in vivo, particularly the fluctuation in
hydration under daytime stress and by the effect of cervical
degeneration, are still unclear. Aberrant diurnal stress
patterns may interact with cervical degeneration and
mediate degeneration in a vicious circle [3]. Detection of
biomechanical abnormalities in young adults could help
avoid future severe neck pain through early biomechanical
correction.

The goals of this study were [1] to investigate the
diurnal variation in hydration of the cervical discs of
young adults for characterization of cervical biomechanical
properties using T2 mapping and [2] to evaluate the
relationship between diurnal variation in hydration and disc
degeneration or cervical sagittal alignment on MRI to reveal
aberrant diurnal stress patterns relevant to future clinical
practice.

MATERIAL AND METHODS

Study Population

Following approval by the Institutional Review Board, 86
participants were prospectively enrolled from our medical
college (IRB No. TJ-IRB20210602). These included 49
females and 37 males with a mean age + standard deviation
(SD) of 23.5 + 2.5 years (range: 19-33 years), mean height
of 167.3 + 8.4 cm, and mean weight of 60.0 + 9.6 kg. The
participants mostly lead a sedentary lifestyle. Informed
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consent was obtained from all participants. The exclusion
criteria were participants who had metal implants, cervical
radiculopathy, moderate to severe neck or shoulder pain,
history of spinal surgery or injury, cervical spinal deformity,
neck or shoulder treatment within the past 2 months, and
strenuous exercise within the past 7 days.

Magnetic Resonance Imaging Protocol

All participants underwent MRI examination in the
morning (6:47 to 8:53 am, within 60 minutes after rising)
and in the evening (7:00 to 11:42 pm). The mean time
interval between the two MRI scans was 14.3 + 1.1 hours.
The participants were required to continue normal daily
activities without strenuous exercise or long-term bed rest
before the evening MRI examination. A 3T MRI scanner
(Magnetom Skyra; Siemens Healthineers) was used. To
minimize the impact of posture, the participants were
instructed to position their heads such that they were
uniformly aligned to the coil grooves. The MRI protocol
included midsagittal T2-weighted imaging (T2WI) and T2
mapping (repetition time/echo time: 1800/96, 84, 72, 60,
48, 36, 24, 12 ms; voxel size: 0.375 x 0.375 x 2.5 mm°)
[10]. The body position and sequence location remained
constant for both MRI examinations.

In the scan-rescan test assessing diurnal stability of T2
mapping, the same T2 mapping was performed on phantom
1 (Siemens, per 1000 g H,0: 3.75 g NiSO, x 6H.0 + 5 g
NaCl) and phantom 2 (Siemens, per 1000 g H.0: 1.24 g
NiSO, x 6H.0 + 2.62 g NaCl) (Fig. 1) in the morning and the
evening for 10 days. The mean time interval + SD between
the morning and evening scans was 14.6 + 1.9 hours.

Image Analysis

All MRI data from the morning and evening scans were
assessed in a random order by two residents (experience of
5 years in musculoskeletal radiology), who were blinded to
the clinical data, using ImageJ 1.53c (http://rsb.info.nih.
gov/ij/). Ventral cervical height was defined as the distance
between the anterior edges of the lower C2 vertebra and
the upper T1 vertebra on T2WI (Fig. 2A). Cervical discs
were assessed using T2WI, and grading was performed by
consensus using the Miyazaki grading system [12]. Based on
the interpretation of cervical disc degeneration according to
the Miyazaki grading system, 344 C3-C7 discs were divided
into the following three groups: grade I indicated healthy
discs, grade II indicated discs with mild degeneration, and
grade III/IV indicated discs with advanced degeneration
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Phantom 1 Phantom 2

Phantom 2

Phantom 1

Fig. 1. Phantoms for magnetic resonance imaging. The figure shows the two phantoms (left) and the ROIs on the T2 maps (right; blue
boundaries). The ROIs for each measurement were placed in the same position in the phantoms. The blue boundaries (right) represent the ROI
outlines. The regions inside the boundaries were measured for the T2 relaxation time of the phantoms. ROI = region of interest

[12]. Quantitative measurements were reserved for the
(3-C7 segment [13]. T2 maps were processed in the MR
workspace (Siemens Healthineers) using monoexponential
decay models. The height of the entire disc on T2WI, T2 of
the entire disc, and 30 regions of interest (ROIs) (Fig. 2)
were measured using ROI Analyzer (https://github.com/
tjrantal/RoiAnalyzer). The percentage degree of diurnal
T2 variation (T2-DDV) was calculated using the following
formula: (morning T2 - evening T2)/morning T2 x 100%.
The cervical AF formed a thick crescent anteriorly and was
thin posterolaterally. Therefore, we interpreted ROIs 1-3,
ROIs 4-6, ROIs 7-13, ROIs 14-20, ROIs 21-27, and ROIs
28-30 as the anterior outer AF, anterior inner AF, anterior
NP, central NP, posterior NP, and posterior AF, respectively
[11]. Based on a previous study, T2 values of the superior
and inferior endplate zones (EPZs) were measured with 0.75
mm wide lines and averaged for analysis (Fig. 2C) [14].

The C2-C7 Cobb angles between the lower endplates of
C2 and C7 were also assessed [4]. To facilitate the analysis,
344 discs were divided into the following two equal groups
based on a median split: the high Cobb angle group (> 3.79°)
and the low Cobb angle group (< 3.79°) [4].

ROI placement for the measurements of phantom images
is shown in Figure 1.

Statistical Analysis

Intra-class correlation coefficients (ICCs; a two-way
random model of absolute agreement) were evaluated
to test inter-reader agreement. ICC values < 0.40, 0.40-
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0.59, 0.60-0.74, and 0.75-1.00 represented poor, fair,
good, and excellent agreement, respectively [4]. Two
measurements from the two residents were averaged for
the main analysis. Data were tested for normal distribution
using a Q-Q plot. Paired two-tailed t tests were performed
to assess differences between the morning and evening
measurements. One-way analysis of variance (ANOVA) with
Bonferroni adjustments (no difference in variances) or
Welch’s ANOVA with Games-Howell test (different variances)
was performed to assess the differences in disc height, T2,
and T2-DDV among the disc degeneration groups (healthy,
mild, and advanced). Independent samples ¢ tests were
performed to determine the differences between males
and females or between the high and low Cobb angle
groups. Statistical analyses were performed using IBM
SPSS statistics (version 26.0; IBM Corp.). The level of
significance was set at p < 0.05.

RESULTS

Reliability of Measurements

Reliability was excellent for the cervical ventral height or
the disc height (ICC: 0.762-0.998) and good to excellent
for T2 and T2-DDV measurements (ICC: 0.626-0.992) (Table
1). T2 mapping was stable with no statistically significant
differences between the morning and evening T2 values of
phantom 1 (92.81 + 1.14 ms vs. 93.27 + 1.24 ms, p = 0.061)
and phantom 2 (386.62 + 16.74 ms vs. 390.80 + 22.58 ms,
p =0.393).
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AO-AF. AFAF

Fig. 2. Image analysis.
A-D. The figure shows the measurements on the mid-sagittal T2-weighted image (A) and T2 mapping (B-D). Cervical ventral height was defined
as the distance between the anterior edges of the lower C2 vertebra and the upper T1 vertebra on a T2-weighted image (A). T2 values of the
entire disc (B) and those of the superior and inferior endplate zones (C) were measured on T2 mapping. Segmentations of 30 ROIs were
marked by 30 zones with different colors (D). Based on the anatomical structure of the cervical discs, ROIs 1-3, ROIs 4-6, ROIs 7-13,
ROIs 14-20, ROIs 21-27, and ROIs 28-30 were interpreted as the AO-AF, AI-AF, A-NP, C-NP, P-NP, and P-AF, respectively. A = anterior,
AF = annulus fibrosus, AI = anterior inner, AQ = anterior outer, C = central, NP = nucleus pulposus, P = posterior, ROI = region of interest
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Table 1. Inter-Reader Agreement of Measurements of the Entire and Regional Cervical Discs

ICC (95% Confidence Intervals)

Measurement
Morning T2 Value

Evening T2 Value T2-DDV

Entire disc

Anterior outer AF
Anterior inner AF

Anterior NP
Central NP
Posterior NP
Posterior AF
Endplate zone

0.990 (0.987, 0.992)
0.626 (0.556, 0.687)
0.814 (0.774, 0.848)
0.985 (0.982, 0.988)
0.988 (0.984, 0.990)
0.964 (0.956, 0.971)
0.861 (0.822, 0.890)
0.967 (0.959, 0.979)

0.992 (0.990, 0.993)
0.815 (0.775, 0.848)
0.847 (0.814, 0.875)
0.985 (0.982, 0.988)
0.990 (0.988, 0.992)
0.963 (0.955, 0.970)
0.833 (0.782, 0.871)
0.955 (0.944, 0.963)

0.936 (0.921, 0.948)
0.733 (0.680, 0.778)
0.724 (0.669, 0.770)
0.889 (0.864, 0.909)
0.922 (0.904, 0.936)
0.868 (0.839, 0.891)
0.754 (0.705, 0.797)

AF = annulus fibrosus, ICC = intra-class correlation coefficients, NP = nucleus pulposus, T2-DDV = the degree of diurnal T2 values variation

Diurnal Variation in Magnetic Resonance Imaging
Measurements

Cervical ventral height, disc height, and T2 of the entire
disc for all participants decreased by 2.1%, 10.3%, and
13.3%; respectively (all p < 0.001) (Table 2) after daily
activities. Males exhibited significantly higher disc height
than females (p < 0.001). However, there was no significant
sex difference in T2 and T2-DDV of the entire disc (p =

kjronline.org https://doi.org/10.3348/kjr.2021.0950

0.428-0.839) (Fig. 3). Table 2 shows the height and T2
data with sex differences in detail.

Analysis according to Degeneration Grades

All discs were divided into the following three groups: 66
discs were classified as healthy, 136 discs were classified
into the mild degeneration group, and 142 discs were
classified into the advanced degeneration group (135 discs
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Table 2. The Morning and Evening Measurements in All Participants and Each Sex
Sex Difference
Heasurement All (n = 86) Male (n = 37) Female (n = 49) P*
Cervical ventral height, mm
Morning 93.75 £ 7.27 99.54 + 5.16 89.17 + 5.10 < 0.001
Evening 91.74 + 7.13 97.48 +5.30 87.20 + 4.70 < 0.001
p value' <0.001 <0.001 <0.001
Disc height, mm
Morning 3.10 + 0.48 3.30 + 0.45 2.95 + 0.45 < 0.001
Evening 2.78 + 0.42 2.93 +0.41 2.67 + 0.40 < 0.001
p valuef < 0.001 <0.001 < 0.001
T2 of entire disc, ms
Morning 63.82 + 13.41 64.02 + 14.34 63.67 + 12.68 0.810
Evening 55.12 + 11.06 55.25 + 12.52 55.01 £ 9.79 0.839
p value! <0.001 <0.001 <0.001
T2-DDV of entire disc, % 13.3£8.7 13.7£9.1 12.9 £ 8.3 0.428

Data are presented as mean + standard deviation. *p value of the independent sample t tests to assess the gender difference, 'p value for

the morning and evening comparison of the paired t test. T2-DDV = the degree of diurnal T2 values variation

A T2WI-morning B T2WI-evening

C T2 map-morning

Sial

Fig. 3. An example of cervical diurnal variations. The figure shows the cervical spine of a 24-year-old female on T2WI and T2 mapping with
a MRI scan time interval of 15.17 hours. The cervical ventral height decreased from 95.44 mm in the morning to 92.44 mm in the evening on
T2WI. The T2 maps show a visible decrease in the central high T2 values (red region) in the cervical discs on the evening MRI scan.

MRI = magnetic resonance imaging, T2WI = T2-weighted imaging

with grade III and 7 discs with grade IV). The diurnal
variation in disc height and T2 of the cervical intervertebral
discs according to different degeneration grades are
presented in Table 3. No significant difference was observed
in disc height among the groups (p = 0.224 and p = 0.258).
After diurnal loading, disc height in the healthy, mild
degeneration, and advanced degeneration groups decreased
by 11.1%, 9.9%, and 9.5%; respectively (all p < 0.001). T2
of the entire disc and that of NPs significantly decreased
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in the presence of disc degeneration (all p < 0.001). No
statistically significant differences were observed in T2 of
AFs among the three groups (p = 0.064-0.776).

T2-DDV values for the entire disc in the healthy, mild
degeneration, and advanced degeneration groups were
16.0%, 12.2%, and 13.0%; respectively (all p < 0.001).
After the diurnal load, T2 in the regional NPs and AFs of the
three groups decreased significantly (all p < 0.049) except
in the anterior inner AF of the healthy group (p = 0.092).
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No statistically significant differences were observed
among the three groups in T2 of the EPZs (p = 0.054 and
p = 0.743) (Table 3). After the daytime load, T2 of the EPZs
from healthy discs decreased significantly (p = 0.013). No
statistically significant diurnal T2 variations in the EPZs
were observed in the mild and advanced degeneration
groups (p = 0.093 and p = 0.459).

Diurnal Variation in Hydration of the Cervical Intervertebral Disc

Table 3 shows the differences in T2 among the groups and
morning-evening comparisons. When compared with healthy
discs, T2-DDV was lower in the central and posterior NPs of
discs with mild and advanced degeneration (all p < 0.001)
and higher in the anterior inner AF of discs with advanced
degeneration (p = 0.050). Details of the differences in T2-
DDV among the groups are presented in Table 4 and Figure 4.

Table 3. Diurnal Disc Height and T2 Values of the Cervical Intervertebral Discs according to Different Degeneration Grades

Degeneration Grade P (Post Hoc Comparison)*

P
Measurement Grade I Grade II Grade III/IV (ANOVA)*  Tvs. I I vs. Tvs.
(n=66) (n=136) (n = 142) ’ II1/1V II1/1V
Disc height, mm
Morning 3.17 £ 0.54 3.05 + 0.49 3.13 £ 0.45 0.224
Evening 2.80 + 0.43 P=0001 2.74 £ 0.45 =00 2.82 £ 0.39 P=0001 0.258
Morning T2, ms
Entire disc 85.75 + 14.08 63.93 + 8.24 54.45 + 5.35 <0.001 <0.001 <0.001 <0.001
Anterior outer AF 27.51 + 6.03 27.65 + 6.31 29.01 + 6.25 0.122
Anterior inner AF 39.65 + 13.29 41.91 +12.29 41.06 +9.28 0.422
Anterior NP 92.56 + 28.75 72.09 + 15.63 58.44 + 8.75 < 0.001 <0.001 <0.0001 <0.001
Central NP 107.59 + 18.68 75.15 + 10.33 62.37 + 6.52 < 0.001 <0.001 <0.001 <0.001
Posterior NP 72.68 + 15.26 56.12 + 7.98 51.62 + 7.22 < 0.001 <0.001 <0.001 <0.001
Posterior AF 35.97 + 8.88 35.11 + 8.56 35.19 + 7.85 0.776
Endplate zone 26.88 + 3.57 26.13 + 3.89 25.62 + 3.10 0.054
Evening T2, ms
Entire disc 71.34 +10.97 P=%% 55,90 + 7.20 P =% 47.18 + 4.79°°°%" < 0.001 <0.001 <0.001 <0.001
Anterior outer AF 24.45 + 6.17 7=%%"  26.61 + 5.91 P=%0% 26.30 + 6.77 P =000 0.065
Anterior inner AF 37.59 + 13.367°%%%  38.05 + 11.22 7<% 35,29 + 8.97 =00 0.064
Anterior NP 79.04 £ 21.37°=%0" 63,27 +13.627°%%" 51,11 £ 7.53°°%%" < 0.001 <0.001 <0.001 <0.001
Central NP 87.60 + 14.80 7<% 64.82 + 8.41 P =00 53.55 + 5.75 7<% < 0.001 <0.001 <0.001 <0.001
Posterior NP 56.91 + 9.66 F <% 48.77 + 6.95 P =000 44,41 +£5.92°°%% 20,001 <0.001 <0.001 <0.001
Posterior AF 31.73 + 8.24 P00 31.51 + 6.94 P =0 30.72 + 5.93 P =00 0.493
Endplate zone 25.80 + 4.0177%%% 25,64 +3.417°%% 2543 4 2.98 P704* 0.743

Data are presented as mean + standard deviation. The superscript of the evening data: p value for the morning and evening comparison
of the paired t test. *p value of one-way ANOVA with Bonferroni adjustments (no difference in variance) or Welch ANOVA with Games-
Howell test (different variance). AF = annulus fibrosus, ANOVA = analysis of variance, NP = nucleus pulposus

Table 4. T2-DDV of the Cervical Intervertebral Discs according to Different Degeneration Grades

Degeneration Grade

P (Post Hoc Comparison)*

T2-DDV (%) Grade I Grade II Grade III/IV P (ANOVA)* Ivs. II s, TI/IV T vs. III/IV
(n=66) (n =136) (n =142)
Entire disc 16.0 + 10.8 12.2 + 8.3 13.0+ 7.7 0.011 0.009 1.000 0.059
Anterior outer AF 9.0 + 24.3 1.7 £22.7 7.9+21.3 0.030 0.093 0.065 1.000
Anterior inner AF 2.0 +33.5 9.4 +£19.5 12.5 + 18.8 0.046 0.224 0.375 0.050
Anterior NP 13.8 +15.2 11.8 + 11.5 11.9 + 10.5 0.620
Central NP 18.6 + 9.0 13.2+09.1 13.7 + 8.4 < 0.001 < 0.001 1.000 0.001
Posterior NP 19.5 + 11.3 12.9 + 11.6 13.2 £ 10.5 < 0.001 < 0.001 1.000 < 0.001
Posterior AF 7.9 +26.3 7.1 +£22.7 9.0 +23.1 0.796

Data are presented as mean #+ standard deviation. *p value of one-way ANOVA with Bonferroni adjustments (no difference in variance) or
Welch ANOVA with Games-Howell test (different variance). AF = annulus fibrosus, ANOVA = analysis of variance, NP = nucleus pulposus,
T2-DDV = the degree of diurnal T2 values variation
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Analysis according to Cobb Angle Groups

No statistically significant differences were observed
between the high and low Cobb angle groups in the
morning T2 of the NPs and AFs (p = 0.085-0.751) (Table 5).

After the daytime load, T2 of the entire disc, regional NPs,

and regional AFs of the two groups declined significantly

Liu et al.

(all p £ 0.021). When compared with the high Cobb angle
group, the low Cobb angle group showed statistically lower
evening T2 in the anterior AFs with higher evening T2 in

the posterior NP and posterior AF (all p < 0.049) (Table 5).

The low Cobb angle group showed higher T2-DDV in the
entire disc, anterior AFs, and anterior NP and lower T2-DDV

AO-AF

AI-AF

A-NP

C-NP

P-NP

P-AF

24
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Fig. 4. T2-DDV in the cervical intervertebral discs with different degeneration grades.
Degenerating cervical discs displayed a lower T2-DDV in the NP regions and a higher T2-DDV in the AI-AF regions when compared with healthy

discs. T2-DDV data are presented as medians. One-way analysis of variance or Welch’s analysis of variance: *p < 0.05, 'p < 0.001. A = anterior,
AF = annulus fibrosus, AI = anterior inner, AO = anterior outer, C = central, NP = nucleus pulposus, P = posterior, T2-DDV = the degree of

diurnal T2 values variation

Table 5. Diurnal T2 Values of the Cervical Intervertebral Discs of the High Cobb Angle Group versus the Low Cobb Angle Group

T2 Value (ms) High Cobb Angle Group (n = 172) Low Cobb Angle Group (n = 172) P*
Morning
Entire disc 63.65 + 13.23 64.31 + 14.22 0.658
Anterior outer AF 28.30 £ 6.53 28.08 £ 5.98 0.751
Anterior inner AF 41.34 + 11.95 40.92 + 10.73 0.730
Anterior NP 70.68 £ 19.59 68.21 + 17.05 0.216
Central NP 74.24 + 16.41 76.99 + 21.12 0.179
Posterior NP 54.75 +7.96 56.47 +9.82 0.085
Posterior AF 34.79 + 7.80 35.83 + 8.81 0.251
Evening
Entire disc 55.32 + 10.81 P =00 54.92 + 11.34 7= 0.736
Anterior outer AF 27.01 + 6.75 700 25.12 + 5.81 7= 0.006
Anterior inner AF 37.98 + 10.71 P =% 35.67 + 10.92 7<% 0.049
Anterior NP 62.17 + 16.13 P =00 59.10 + 14.86 =% 0.068
Central NP 63.47 + 12.58 P=000 64.92 + 16.56 =" 0.364
Posterior NP 47.18 + 7.52 P=000 49.82 +9.11 7= 0.004
Posterior AF 30.29 + 6.81 7% 32.14 + 6.70 7= 0.012

Data are presented as mean + standard deviation. The superscript of the evening data: p value for the morning and evening comparison
of the paired ¢ test. *Independent sample t test. AF = annulus fibrosus, NP = nucleus pulposus
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in the posterior AF (all p < 0.041) (Table 6, Fig. 5).

DISCUSSION

Cervical ventral height and disc height exhibited 2.1% and
10.3% diurnal variations, respectively. After diurnal loading,
T2 of the entire disc from the healthy, mild degeneration,
and advanced degeneration groups decreased by 16.0%,
12.2%, and 13.0%; respectively. T2 in the regional NPs
and AFs of the healthy and degeneration groups decreased

Table 6. T2-DDV of the Cervical Intervertebral Discs of the High
Cobb Angle Group versus Low Cobb Angle Group

High Cobb Angle  Low Cobb Angle
T2-DDV (%) Group Group P*
(n=172) (n=172)
Entire disc 12.4 £ 9.6 14.3+7.0 0.039
Anterior outer AF 2.2 +26.0 8.5+ 19.6 0.012
Anterior inner AF 6.5 +22.9 13.3+19.0 0.003
Anterior NP 10.1 £ 15.2 13.6 £ 9.2 0.009
Central NP 13.6 + 9.9 15.2+7.9 0.101
Posterior NP 14.8 + 12.5 13.9 + 10.1 0.463
Posterior AF 11.7 £ 20.3 6.8 + 22.7 0.041

Data are presented as mean #+ standard deviation. *Independent
sample t test. AF = annulus fibrosus, NP = nucleus pulposus, T2-
DDV = the degree of diurnal T2 values variation
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significantly, except in the healthy anterior inner AF. Mild
cervical disc degeneration was marked by lower T2 and T2-
DDV in the regional NPs, with no significant diurnal T2
variation in the EPZs. Discs with advanced degeneration
showed higher T2-DDV in the anterior inner AF when
compared with healthy discs. Cervical discs in the low Cobb
angle group displayed higher T2-DDV anteriorly and lower
T2-DDV posteriorly when compared with those in the high
Cobb angle group.

Water is an essential component of the intervertebral
discs and is attracted by proteoglycans, which perpetuate
the hyperosmolar and hydration status of the discs to
reciprocally restrict water shifting and resist compression
[5,15]. Diurnal loading increases disc pressure, resulting
in a fluid shift and creation of osmotic swelling pressure
to neutralize mechanical loading and maintain chemo-
mechanical equilibrium [16]. NPs are responsible for
absorbing daily loading and redistributing it radially
to the AFs [15,17]. The nocturnal unloading recovery
response of the discs relies solely on osmotic pressure
[18]. The interplay between the chemical compositions and
mechanical properties of the discs is defined as chemo-
mechanical coupling [16]. Diurnal variation in the cervical
ventral height was similar to that in the lumbar spine, and
discs were implicated as a major factor contributing to this

AO-AF AI-AF A-NP

C-NP P-NP P-AF
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Fig. 5. Comparison of T2-DDV in the cervical intervertebral discs between the low Cobb angle and high Cobb angle groups. The low
Cobb angle group displayed a higher T2-DDV in the anterior discs and a lower T2-DDV in the posterior discs when compared with the high
Cobb angle group. T2-DDV data are presented as medians. Independent samples t tests: *p < 0.05, 'p < 0.01. A = anterior, AF = annulus
fibrosus, AL = anterior inner, AQ = anterior outer, C = central, NP = nucleus pulposus, P = posterior, T2-DDV = the degree of diurnal T2

values variation
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variation, which was mainly attributed to the viscoelastic
displacement of the solid disc matrix and time-dependent
fluid flow [10,19-21].

T2 can be biologically interpreted as a reflection of water
content [9]. T2 values of the entire cervical disc complex
and their sex differences in the present study are consistent
with earlier findings in young adults [22,23]. The morning
and evening T2 values reflect absolute and relative disc
hydration before and after diurnal loading, respectively.
Diurnal T2 variation is characterized by fluid shift
(redistribution, inflow, or outflow) mediated by the chemo-
mechanical balance [21,24]. In contrast to the previously
observed T2 increase in the lumbar AFs with the highest T2-
DDV in the posterior AFs after daily loading, a significant
decrease in cervical T2 was observed in all of the assessed
regional discs (except in the healthy anterior inner AF) [10].
This was mainly attributed to differences in the structure
and function of the cervical and lumbar regions [7,11,25].
Cervical movement requires greater disc deformation than
lumbar movement [25]. Healthy cervical NPs showed
higher T2-DDV than AFs, suggesting that a healthy NP with
abundant proteoglycans and water content could initiate
high water shifts to regulate diurnal mechanical stress and
osmotic pressure. Notably, the healthy anterior inner AF
maintained a consistent diurnal T2, indicating that it could
act as an elastically resistant vessel with load-induced
water outflow and water inflow from the NP to tether the
disc fluid [10]. Moreover, the healthy disc endplate was
dehydrated during the day, indicating that its high hydraulic
permeability functioned as a chemical transport channel
with diurnal water shifts [26].

In the present study, degenerating cervical discs showed
chemo-mechanical coupling failure due to water loss and
aberrant stress-mediated water transfer. They exhibited
significantly lower T2 in the NPs (rather than AFs) when
compared with healthy discs, demonstrating earlier
and greater water loss in the NPs when compared with
AFs and the failure of nocturnal fluid inflow due to the
disrupted osmotic pressure gradient [27]. Dehydration of
the cervical NPs is also accompanied by chemo-mechanical
coupling failure, as evidenced by a decreased T2-DDV in
degenerating NPs. Interestingly, the anterior inner AF of
discs with advanced degeneration displayed significantly
higher T2-DDV than those of healthy discs. Reportedly,
disc degeneration decreases the pressure in the nucleus
with the load resisted by adjacent structures [7,17]. The
anterior inner AF in degenerating discs might experience
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disproportionate stress concentrations with reduced water
redistribution from the NP and serve a compensatory

role for the NP in the mechanical functions of resisting
pressure and absorbing shock [7]. Dysrequlated diurnal
water fluctuation in the degenerating disc endplate prior
to considerable water loss showed early impairment of its
capability for load-induced material exchange, potentially
accelerating disc degeneration [26].

Cervical degeneration is commonly accompanied by
alterations in cervical sagittal alignment [8]. Reportedly,
the C2-C7 Cobb angle on supine MRI was reliable and highly
correlated with upright radiographs, suggesting that the
low Cobb angle in our MRI results corresponded to cervical
straightening or kyphosis [4]. The higher T2-DDV of the
entire disc in the low Cobb angle group than in the high
Cobb angle group indicated a greater water shift induced
by the increased diurnal stress, which was consistent with
a previous finite element analysis examining increased disc
stress in the straightened cervical spine [8]. Moreover, our
study suggested that elongation of the cervical moment
arm in the low Cobb angle group resulted in diurnal ventral
stress concentration and dorsal stress shielding of the discs.
This led to a greater water outflow in the anterior disc
and lower water outflow in the posterior disc after diurnal
loading.

Cervical disc protrusion is related to disc degeneration
and deteriorates with age [28]. Chemo-mechanical coupling
dysfunction can disrupt disc homeostasis if aberrant
diurnal stress persists [16,29]. It might accelerate disc
degeneration and cause protrusion by damaging the
microstructural integrity [16,29]. Our study showed that
cervical degeneration with abnormal stress patterns is
common among young adults with a sedentary lifestyle. To
avoid future disabling symptoms, preventive strategies, such
as exercise and posture correction, could be implemented if
biomechanical abnormalities are recognized early enough.
Evaluation of cervical biomechanical performance in vivo
is expected to establish new diagnostic and therapeutic
strategies at an early stage [1]. Subregional T2 and
the degree of T2 variation could be early biomarkers of
biomechanical dysfunction of the disc and can be utilized
for clinical diagnosis and long-term monitoring. This study
also lays the foundation for further research. Traction is
used clinically for patients with neck pain, but its precise
effect is unclear [30]. The degree of T2 variation before and
after traction might be used to determine water content
recovery following local stress to provide a theoretical

https://doi.org/10.3348/kjr.2021.0950 kjronline.org



Diurnal Variation in Hydration of the Cervical Intervertebral Disc

basis for cervical traction and guide clinical treatment
[31]. Further research on the relationship between cervical
degeneration and neck pain using T2 mapping is warranted,
and researchers must consider the diurnal variations in
hydration of the cervical discs to avoid bias.

This study has several limitations. The histopathological
correlation of MRI findings, scan-rescan test of the discs,
and quantification of daily activity were impractical [10].
Nevertheless, the scan-rescan test results of the phantoms
suggested that the diurnal T2 variations in the discs were
not measurement variations but physiological phenomena.
The participants continued normal daily activities without
strenuous exercise before the evening scan. This makes our
study representative of young adults, especially college
students with a sedentary lifestyle. We did not perform
radiographic examination, the gold standard to confirm
cervical sagittal straightening or kyphosis, to avoid
radiation exposure. However, the participants adopted a
unified scanning position. A strong correlation between MRI
and upright radiography has been reported [4]. We observed
that a low Cobb angle on MRI is related to higher stress in
the anterior disc and lower stress in the posterior disc.

In conclusion, this study characterized the diurnal
variations in hydration of the cervical discs as assessed by
T2 mapping of MRI and revealed early chemo-mechanical
coupling dysfunction in degenerating discs. Cervical sagittal
alignment on MRI can affect the diurnal stress patterns of
the cervical discs. T2 mapping is sensitive to biomechanical
dysfunction of the cervical discs. It offers translational
potential from basic biomechanical research to clinical
applications in order to help restore a normal cervical
biomechanical environment.
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