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Abstract  9 

Needle injection has been widely used in spinal therapeutic or diagnostic processes, such as discography. The use of 10 
needles has been suspected in causing mild disc degeneration which can lead to long-term back pain. However, the 11 
localised microscopic damage caused by needles has not been well studied. The local progressive damage on a 12 
microscopic level caused by needle punctures on the surface of bovine annulus fibrosus was investigated. Four different 13 
sizes of needle were used for the puncture and twenty-nine bovine intervertebral discs were studied. Polarization-14 
resolved second harmonic generation and fluorescent microscopy were used to study the local microscopic structural 15 
changes in collagen and cell nuclei due to needle damage. Repeated 70 cyclic loadings at ±5% of axial strain were 16 
applied after the needle puncture in order to assess progressive damage caused by the needle. Puncture damage on 17 
annulus fibrosus were observed either collagen fibre bundles being pushed aside, being cut through or combination of 18 
both with part being lift or pushed in. The progressive damage was found less relevant to the needle size and more 19 
progressive damage was only observed using the larger needle. Two distinct populations of collagen, in which one was 20 
relatively more organised than the other population, were observed especially after the puncture from skewed 21 
distribution of polarisation-SHG analysis. Cell shape was found rounder near the puncture site where collagen fibres 22 
were damaged.  23 

Keywords: intervertebral disc degeneration, needle puncture, second harmonic generation, multiphoton microscopy, 24 
disc degeneration, bovine intervertebral disc, biomechanics 25 

 26 

1. Introduction  27 

Intervertebral discs (IVD), which lie between vertebral bodies, play a key role in maintaining the flexibility of the spine. 28 
Macroscopically, IVD consist of an inner gel-like nucleus pulposus (NP) and a tough outer annulus fibrosus (AF) which 29 
has a concentric layer structure with 7-15 lamellae. AF and NP are mostly composed of collagen, proteoglycan, and 60-30 
80% of water. Any structural damage or mechanical failure can lead to internal disc disruption and result in discogenic 31 
pain which has been recognised as one of the main causes of low back pain [1,2]. Mechanical injuries can cause strength 32 
reduction and delamination of the annulus fibrosus and depressurisation of the nucleus pulposus  [3]. Localised 33 
mechanical injuries can lead to organ-wide disc damage which results from a disruption in the biochemical balance 34 
between cells, extracellular matrix, and disc mechanical stress [3,16]. Furthermore, the accumulation of mechanical 35 
injuries leads to long-term progressive dysfunction and alteration of biosynthesis in IVD at the macroscopic level [3]. 36 
One of the suspected causes of acute injuries is needle puncture which can potentially lead to mild or moderate disc 37 
degeneration and low back pain in the long term [4-7]. Needles are used in spinal diagnostic procedures, such as 38 
discography [8,9], spinal disc repair, and in potential treatments such as electrothermal therapy [10-13]. The use of 39 
needles has been found to accelerate disc degeneration and create progressive degeneration with an increasing number 40 
of cell deaths surrounding the puncture site [14,15,20]. Using different sizes of needles can result in different internal 41 
damage [17-19]. For example, the use of small needles can cause the reduction of the disc height and nucleus 42 
pressurization while using larger needles can disrupt annular function and lower disc stiffness [19,20].  43 

Due to the fact that the damage caused by annular puncture can lead to alterations of biochemical compositions in NP 44 
such as water content and collagen, many studies have been done to understand the biomechanics, function, and 45 
composition of AF at the microscopic level [3]. Many microscopic techniques have been used, such as light microscopy 46 
[19,21], X-ray diffraction [22-24], electron microscopy [24-29], differential interference contrast optical microscopy 47 
[30-33], and second harmonic generation microscopy (SHG) for collagen [34-37]. While many successes have been 48 
made using those techniques, SHG has the advantages of imaging collagen without any staining process [38] and 49 
enabling the study of collagen fibre orientation [39,40]. The working principle of SHG is based on the simultaneous 50 
excitation of the sample by two photons of the same frequency, with instantaneous emission of a single photon at twice 51 
the frequency [43]. Collagen is a strong source of SHG signal, and collagen fibres can be imaged in tissue without the 52 
need of any staining process [44]. Moreover, the SHG emission from the sample depends on the alignment of the 53 
collagen molecules relative to the incident light polarization, where the strongest signal occurs when the molecules are 54 
aligned with the incident polarization [39,45]. This polarization-resolved (or polarization-dependent) SHG has further 55 
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enabled the analysis on the orientation of collagen and used to study the proportion of disorganised collagen in the tissue 56 
[39,40]. Furthermore, two-photon fluorescent (TPF) signals are often used to image cells while simultaneously acquiring 57 
the SHG signal from collagen [46-51]. TPF is also a multiphoton imaging technique and is based on the absorption of 58 
two photons followed by the emission of a single photon at a shifted frequency with respect to SHG. As a result of the 59 
combined system, SHG-TPF microscopy can provide comprehensive tissue information on the extracellular matrix and 60 
cells, and therefore stands out as a very powerful investigative tool [52,53].  61 

This work aimed to investigate the short-term progressive damage caused by needle puncture to the AF, and quantify 62 
how this damage is affected by needle size. It is still unclear how a localized needle puncture can induce organ-wide 63 
disc degeneration clinically. Based on our previous study, punctures produced no significant changes in elastic 64 
properties of AF strips at a relatively large distance from the puncture site (4-6 times the needle diameter) even using 65 
different size of needles [35]. In the current study, polarization-resolved SHG combined with TPF microscopy was 66 
exploited to study collagen fibres and cell nuclei in the outer AF surrounding the punctures to investigate local 67 
microscopic damage. The progressive mechanical damage after needle puncture was also investigated by applying cyclic 68 
loadings axially to imitate the effects of spinal motion.  69 

2. Materials and methods 70 

2.1. Sample preparation, cell staining  71 

Twenty-nine spinal motion segments (an intervertebral disc and two vertebral bodies) from ten cow tails were obtained 72 
from a local abattoir. Tails were frozen at -20⁰C on the day of death and thawed a few hours before testing at room 73 
temperature, with maximal frozen time of less than two months. Each motion segment was carefully dissected to remove 74 
muscles and ligaments. Intervertebral disc height and diameter were measured using callipers. A thin layer of petroleum 75 
jelly was applied on the surface of the outer annulus fibrosus and endplates except for an area of less than 5 x 5 mm2 on 76 
outer AF, which was left exposed for imaging.  77 

Prior to imaging, a few drops of propidium iodide solution with concentration 1 mg/mL in phosphate-buffered saline 78 
(Propidium Iodide 10 mg, Sigma-Aldrich, UK) was applied on the 5 x 5 mm2 imaging area to stain the cell nuclei in the 79 
outer annulus fibrosus. Samples were then covered with cling film and aluminium foil and left in a 37 ⁰C incubator for 80 
40 minutes. After the staining, disc samples were rinsed with PBS to remove excess propidium iodide on the sample 81 
surface.  82 

Tensile loading and needle puncture 83 

A custom-built micro-straining rig was utilized to test the samples as described in our previous study [35]. In brief, the 84 
rig is motorized with a drive and the driving distance is set at 17 µm per step. The sample was mounted in the rig (Fig. 85 
1a), and it was loaded with the protocol shown in Fig. 1b. Each sample was strained between -5 % and +5 % in 1 % 86 
steps at 5 mm/min (corresponding to 0.65 % strain/s). Each cycle lasted between 18.4 sec to 30.8 sec (with frequency 87 
range between 0.033 to 0.054 Hz) corresponding to the disc thickness 7.65 mm to 12.85 mm. Polarized SHG images 88 
were acquired after each 1 % strain step, with the method described below, while the strain was kept constant. The 89 
sample was then unloaded, punctured with the needle radially into the nucleus pulposus using the protocol described 90 
below, and then loaded again between -5 % and +5 % with an image acquired at each 1 % loading step. Finally, 70 91 
cyclic loadings were performed, with one SHG image acquired every 10 cycles. Images from 1% loading steps were not 92 
included in this study and will leave for future work in comparison with our previous studies in Vergari  et al (2016 and 93 
2017).  94 

Four different needles (Fig. 1c) were used to puncture the discs: two hypodermic needles with diameters of 0.5 mm 95 
(25G) and 0.8 mm (21G) (Birmingham Gauge) [54], and two spinal needles with diameters of 0.7 mm (22G) and 0.9 96 
mm (20G) (BDTM Quinke Spinal Needles, UK). The tips of hypodermic needles have a smaller bevel angle (30°) than 97 

the tips of the spinal needles (45°). Punctures were approximately located in the centre of each discs. The exact 98 

circumferential position of the puncture sites were not recorded in this study and the locations could vary. The openings 99 
of needle tips were randomly aligned. The puncture scheme was shown in Fig. 1d and Fig. 1e where the needle punctured 100 
radially and applied loading axially. Each needle type was applied to five to six discs, and an additional eight discs 101 
without puncture formed a control group. Each disc sample was rinsed once using a few drops of PBS solution on the 102 
surface of the 5 x 5 mm2 imaging area prior to the puncture. The acquisition time for each images was approximately 2 103 
minutes and 34 seconds. For control group, the whole protocol lasted within 2.5 hours. For needle groups, the whole 104 
protocol lasted less than 3.5 hours with less than 2.5 hours just before the puncture and after a few drops of PBS being 105 
applied on the imaging area. 106 

The effect of dehydration could affect the collagen behaviour. Although the outer annulus and endplates were covered 107 
with petroleum jelly except an 5 x 5 m2 area, while two vertevrate were also exposed to the air. Force-distance curves 108 
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were recorded (as force-distance) and compared the changes between the initial and last cyclic loadings within total 109 
time period of 2.5 hours using the sample protocols mentioned above.     110 

 111 

Fig. 1(a) A bovine tail motion segment was fitted onto a custom-built rig and placed under a microscope. (b) Protocol 112 
for puncture and cyclic loadings axially. Images (marked by *) were taken every 1% step of axial strain during loading 113 
and then every 10 cycles during cyclic loadings. A few drops of PBS were applied for rinsing the imaging area on AF 114 
surface (marked by blue drops) after initial loading and prior to the puncture. (c) Four different needles used in this 115 
study: two hypodermic needles with diameter 0.5 mm (25G) and 0.8 mm (21G); two Quinke spinal needles with 116 
diameter 0.7 mm (22G) and 0.9 mm (20G). (d) Illustration of needle puncture along radial axis (z) while loading was 117 
applied axially along x. (e) Imaging area (puncture site) on x-y plane. 118 

2.2. Multiphoton imaging 119 

The second-harmonic generation imaging system was set up as previously described [34]. Both SHG and TPF signals 120 
were collected to visualise collagen and cell nuclei, respectively. An 810 nm mode-locked femto-second Ti:Sapphire 121 
laser (Mira 900-D, Coherent Inc.) with a repetition rate of 76 MHz and a pulse width of 100 fs pumped by a 532 nm 122 
solid-state laser (Verdi V10, Coherent Inc.) was used as an illumination source. A polarization half-wave plate 123 
(WPH05M-488, Thorlabs, Newton, NJ) was mounted on a motorized rotation stage (PR50CC, Newport, Irvine, CA) 124 
and the polarization angle was rotated from 0º to 162º relative to the laser polarization at 18º steps which generated a 125 
set of ten SHG and TPF images. A confocal microscope (Olympus Fluoview BX51, OLYMPUS Corp., USA) fitted 126 
with a 10x/0.4NA air objective (UPlanSApo, OLYMPUS Corp.le, USA) was used to collect both SHG and TPF signal 127 
in the backwards direction. The air objectives was used due to it can give the largest imaging areas or field of view, 128 
compared to other water or oil objectives designed for magnification higher than 20x. The TPF and SHG signals were 129 
separated using a dichroic beam splitter (Semrock Di02—R405), and detected using PMTs (R3896 Hamamatsu Japan). 130 
At the SHG PMT the following filters were used (blue green glass filter CG-BG-39  CVI laser and 405 nm band pass 131 
filter, FF01-405/10-25 Semrock) and at the TPF PMT a 655 nm band pass filter (FF01-655/40-25 Semrock, IDEX 132 
Health & Science, LLC, USA) was used. Disc samples were fitted on the rig and placed under the objective, as shown 133 
in Fig. 1a. Images were mainly collected at two different sizes: 800 x 600 pixels (1600 μm x 1200 μm, for needle group 134 
22G, 21G, 20G) with each pixel 2 μm  x 2 µm or 512 x 512 pixels (1413 μm  x 1413 μm, control group and needle group 135 
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25G, 21G) with each pixel size 2.76 μm x 2.76 µm due to puncture shape being more rounded for the 25G needle group 136 
and more elongated for three samples in the 21G needle group. The damage on one sample in 20G (0.9 mm diameter) 137 
created a much larger size of puncture and thus the image was taken as 1024 x 1024 pixels (1.86 μm x 1.86 µm). 138 

2.3. Polarization-resolved SHG and image analysis 139 

The SHG signal results from how the incident light interacts with non-centrosymmetric assemblies of molecules, in 140 
which each molecule can be seen as a dipole radiating at the exactly twice the frequency of the incident light. The 141 
polarization dependence of the SHG intensity can be deduced from a theoretical distribution of nonlinear induced 142 
dipoles, supposing a coherent superposition of all dipoles in the focal spot of the excitation objective [39]. Under the 143 
dipolar approximation that holds within the size of the diffraction limit size, each nonlinear contribution can be summed 144 
up coherently [39]. SHG from a single molecule (or peptide bond in the case of collagen) is the result of the radiation 145 
from the induced individual dipole being linearly polarized along an angle α with respect to X in the sample plane (X, 146 
Y) [39]. At the ensemble level, these dipoles radiate coherently within the focal volume, which results in a macroscopic 147 
nonlinear induced dipole PSHG [56]. The measured SHG intensity ISHG can be deduced from the resulting radiated field 148 
which leads to a paraxial approximation 𝑰𝑆𝐻𝐺 ∝ |𝑷𝑆𝐻𝐺|2 ∝ |𝑬 (𝜶)|4, where E(α) is the incident radiation field. SHG 149 
intensity can thus be decomposed in contributions of different harmonics [56] 150 

𝐼𝑆𝐻𝐺(𝛼) ∝ 𝑎0 + 𝑎2 cos 2𝛼 + 𝑏2 sin 2𝛼 +𝑎4 cos 4𝛼 + 𝑏4 sin 4𝛼                             (1) 151 

The coefficients can be grouped into amplitude (I2, I4) and phase coefficients (φ2, φ4) of different orders (2nd or 4th) of 152 
symmetry: 153 

 𝐼𝑆𝐻𝐺(𝛼) ∝ 𝑎0 + 𝐼2 cos 2(𝛼 − 𝜑2) + 𝐼4 cos 4(𝛼 − 𝜑4)              (2) 154 

With: 155 
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These parameters are related to how the nonlinear induced dipoles from collagen molecules distribute in the sample 157 
plane, which is directly related to the isotropic organisation of collagen fibre [55-59]. The second-order parameters 158 
(𝐼2, 𝜑2) represent the magnitude and orientation of the anisotropic contribution to the polarization response. i.e. the 159 
degree of the order and the overall alignment of the collagen molecules. Higher values of I2 represent more anisotropic 160 
distribution of collagen molecules, i.e. more orientally ordered or more tightly aligned collagen molecules and thus more 161 
organised collagen fibrils within one focal spot [55-59]. The fourth-order parameters (𝐼4, 𝜑4), which are not exploited 162 
in this work, are the magnitude and orientation signatures of a more refined higher-order dependence which provides 163 
information about the shape of the distribution (Gaussian, cone, or cone surface) and identifies the effect of birefringence 164 
[55,56].  165 

In this work, we focused on the degree of order of the collagen molecules, to identify how the collagen fibril organization 166 
affected by needle puncture. By calculating the coefficients (a0, a2, b2), I2 value was derived from this generic model at 167 
each pixel. A custom programme was written usingcommercial software (MATLAB 2017b, Mathwork, USA) to 168 
calculate the parameters and I2 was normalised by the total number of pixels. I2 distribution was plotted as histograms 169 
and fitted by two Gaussian distribution curves to provide two mean values μ1 and μ2. This is due to the apparent non-170 
normal distributions observed, for which a bi-Gaussian function corresponds to the lowest order fitting basis [60]. 200 171 
intervals were set to  I2 distribution histograms from 0 to 0.8 with 0.0004 in each interval. 900 iterations were set to 172 
obtain the best fitting curves using the MATLAB. The mean I2, μ1 and μ2 values, and their changing rates with cyclic 173 
loadings were calculated. The other two parameters, the standard deviations (σ1, σ2) and the mixing proportions (P1, P2), 174 
were listed in Supported Material SI2 for all the samples at cycle 0, 30 to cycle 70. 175 

2.4. Statistics 176 

I2, μ1 and μ2 values calculated from polarised-SHG results were taken average from whole image, and separated in 177 
different needle groups. The mean ± standard deviation were plotted for each needle group. The changing rates versus 178 
cyclic loadings of I2, μ1 and μ2 values were taken as the slopes of the fitted linear curve. The mean ± standard deviation 179 
of the changing rates are plotted for each needle group. The Kruskal-Wallis tests were performed to compare the I2, μ1, 180 
μ2 values and their slopes against cycles between needle groups at 5% significance level. I2, μ1, μ2 values and their slopes 181 
were also normalised by their values from cycle 0, in order to eliminate the contribution of damage from dissections. 182 
Pearson correlation coefficients weer also calculated to obtain the linear correlations between needle size and the 183 
averaged I2, μ1, μ2 values.  The Kruskal-Wallis tests were also performed to compare two mixing proportions P1 and P2 184 
(both non-normalised and normalised values by cycle 0) against needle sizes at 5% significance level and Pearson 185 
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correlation coefficients were calculated to obtain their linear correlations with the cycle number. Percent overlap of I2 186 
histogram was calculated against cycle number and Kruskal-Wallis tests were also performed between groups. Pearson 187 
correlation coefficients were calculated to obtain the linear correlation between percent overlap and cycle number.  188 

Change in puncture length and width were compared after the puncture (cycle 0) and after the cyclic loadings (cycle 189 
70). This is to compare the effect of applied loadings on puncture size changes. The length and width were chosen as 190 
along the perpendicular or in parallel to the loading direction, respectively. The change of percentage in length (ΔL) was 191 
defined in this study as the maximum length difference between cycle 0 (L0) and cycle 70 ((L7) devided by L0, ie, 192 
ΔL=(L7-L0)/L0. The change of percentage in width (Δw) was defined as the maximum width found in cycle 0 (w0) and 193 
the change the width in the same position after cycle 70 (w7) and devided by w7, ie, Δw=(w7-w0)/w0. The mean and 194 
standard deviation for each needle group were calculated. The Kruskal-Wallis tests were performed among and between 195 
each needle group, where the change in length and width were compared between each group. Pearson correlation 196 
coefficients were calculated to obtain the correlation between needle sizes and percentage changes in puncture sizes 197 
(width and length). 198 

Cell length (l) to diameter (r) ratios were calculated and compared between an unpunctured and a punctured sample 199 
near the puncture site from the SHG images. l to r ratio of the cells from the whole images were taken average and the 200 
standard deviation were calculated.  201 

3. Results  202 

3.1. Needle puncture damage on outer annulus fibrosus  203 

Fig. 2 shows the SHG images from forty samples (with eight samples in each group, including the control group and 204 
four needle groups), at the puncture site immediatly after the puncture and before cyclic loading. The shape and size of 205 
the puncture varied greatly even using the same needle; with puncture dimensions  ranging between 200 and 700 μm. 206 
Overall, damage from the puncture included both cutting and splitting of collagen bundles, where collagen fibres were 207 
cut through or pushed aside, with bundles being torn apart. From the observation, the shape of the puncture can be 208 
classified into elongated cracks along the fibre orientation (25G-2, 21G-3), round holes (25G-4, 22G-2 21G-1), or a 209 
combination of both. Furthermore, some puctures can be seen with part of the surrounding fibres being pushed into 210 
(22G-1,3:6, 21G-2,4:6, 20G-2,4:5,7:8) or lifted (21G-2:5) from the sample surface.   211 
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 212 

Fig. 2 The SHG images for 29 samples, including the control group and four needle groups (needle size 0.5mm-0.9 213 
mm) with eight samples in each group. Samples are numbered 1 to 8 in the order of increasing progressive damage. 214 
Scalebars represent 200 µm. The arrow represents the direction of loading. 215 

Comparing the damage before and after cyclic loadings, i.e. cycle 0 and cycle 70, changes in shape and size of the 216 
puncture were observed as shown in the representative samples in Fig. 3a. Those representative samples have apparent 217 
puncture damage of both tearing and cutting. Among them, some punctures expanded over time (25G-6, 20G-8) while 218 
some appeared to shrink (22G-7, 21G-5). Changes in lengths (L) and widths (w) of the puncture before and after 70 219 
cyclic loadings (cycle 0: L0, w0, cycle 70: L7, w7) from four needle groups were plotted in fig. 3b-c, respectively. A 220 
few samples were not taken into account (G25-6, G22-1, G22-4, G21-1, G21-4, G20-3, G20-5) due to part of the tissue 221 
were lifted up towards the end of 70 cycles rather than shrinking or expanding in puncture size. The results from the 222 
Kruskal-Wallis tests showed that no significant difference was found between Δw and ΔL within each needle group 223 
where p-values = 0.564 (25G), 0.602 (22G), 0.513 (21G), 0.756 (20G). Between needle groups, there was no significant 224 
difference in change of length (ΔL) where the p value p(ΔL)=0.116, and width (Δw) where p(Δw)=0.402 within 5% 225 
confidence. Negative correlation was found between needle size and ΔL with correlation coefficient -0.539 while 226 
positive correlation was found between needle size and Δw with correlation coefficient 0.648. For all those 24 samples, 227 
the average length change ΔL was -13.62 ± 16.11% (Mean ± Std Dev) and width change Δw was  228 
-16.60 ± 15.21% (Mean ± Std Dev). There were 1 samples out of 24 expanding in width, and 4 samples expanding in 229 
length. These indicated that the majority of the punctures tend to shrink and the applied cyclic loadings caused 3% less 230 
shrinkage in length which is perpendicular to the loading compared to in width. SHG images from all the samples taken 231 
at cycle 0, cycle 30, and cycle 70 are provided in supported material SI1. 232 

Dehydrations can affect the mechanical properties of collagen. The force-distance curves (cycle 1, 2-10, 61-70) from a 233 
representative sample in control, needle groups (25G and 20G) were plotted in Fig. 3(d-f). Some intervals appeared in 234 
cycle 1 with relaxations due to the imaging at 1% steps. Comparing cycle 2 and cycle 70, forces changed between -235 
10.4%  to -16.2% from Fig. 3(d-f). From all samples, on average, forces changed -10.2±3.14% for control group, and 236 
changed -14.5±3.5 %, -17.2±2.2 %, -14.4±2.5%, -18.9±3.4 % for needle groups 25G-20G, respectively.   237 



7 

 

 238 

Fig. 3 (a) SHG collagen fibre images in outer annulus fibrosus from representative samples in each group with obvious 239 
damage of cutting and tearing (specimen number referred to Fig. 2). Images taken from before and after 70 cyclic 240 
loadings (marked as cycle 0 on top row and cycle 70 on bottom row) are shown here to compare the effect from cyclic 241 
loading. All scale bars represent 200 μm. The arrow represents the direction of loading. The maximum width (w) and 242 
length (L) of the puncture before and after the cyclic loading (w0, L0, w7, L7) were marked in each needle groups, 243 
respectively, (b) change of maximum puncture length ΔL and (c) change of maximum puncture width Δw. (d-f) The 244 
force (F) versus strain (D) cuves for three representative samples from control, 25G and 20 G needle group on cycle 1 245 
(Cyc1) with intervals for imaging every 1% step, cycles 2-10 (Cyc 2-10), and cycles 61-70 (Cyc 60-70). Force readings 246 
from pressure transducers changes between 10.4 to 16.2 % compared cycle 2 and cycle 70.  247 

3.2. Polarized-SHG image analysis 248 

Fig. 4 shows I2 mapping from the same representative samples shown in Fig. 3 at cycle 0, 30 and 70. I2 value ranges 249 
from 0 to 0.8 where the higher I2 represents more ordered collagen molecules present in each pixel, i.e. more collagen 250 
molecules are aligned to the same orientation. Comparing the needle group with the control group, the change in I2 over 251 
cyclic loading, indicate that collagen fibril organization decreased, especially in the regions surrounding the puncture, 252 
while little change was observed in the control group, even with surface dissected and exposed to the air.  253 
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 254 

Fig. 4 I2 mapping of the collagen fibre from the polarization SHG images. One representative sample was taken from 255 
each group (the same samples shown in Fig. 3). In each sample images, the top row (cycle 0) images were taken right 256 
after the puncture before the cyclic loadings (cycle 0), the middle row were images taken after 30 cyclic loadings (cycle 257 
30), and the bottom row were taken after 70 cyclic loadings (cycle 70). All scale bars represent 200 μm.  258 

Fig. 5 shows the histogram of I2 from the images in Fig. 4, after cycle 0, 30 and 70, normalised by the total number of 259 
pixels. Shifts in overall I2 values over cyclic loadings can be observed from the needle groups compared to the control 260 
group. For each I2 distribution, non-normal distributions were observed and two Gaussian curves were fitted as shown 261 
in the inset of Fig. 5(d and e: Cyc 70) with two mean values μ1 and μ2 representing a population of more organized 262 
collagen and less organized collagen respectively. The fitted parameters of those Gaussian distributions, including mean 263 
values (μ1, μ2) standard deviations (σ1, σ2) and mixing proportions (P1 , P2 ) were listed in Supported Material SI2. 26 264 
out of 29 samples where µ1 decreased with increasing cycle number while no obvious trends for the other two parameters 265 
in both distributions. Sample 20G-1 had very high µ2 from cycle 30-70 (>1) but with very low proportion P2 (<0.1%) 266 
which were assumed as single perfect normal distributions with P2, µ2, σ2 being disregarded. 267 

The averaged percent overlap of I2 distribution compared to cycle 0, as illustrated in wavy area in Fig. 5(c), from five 268 
groups were plotted in Fig. 5(f) against cycle numbers. Decreases in percent overlap were observed in all groups ranging 269 
from 15% to 25% on average after 70 cyclic loadgins. Kruskal-Wallis tests were performed compared control and four 270 
needle groups where p=0.361 (>5%), which indicated no significant difference found between groups, ie, different 271 
needle sizes. Decreasing trends have been observed in all five groups against cycles, and the correlation coefficients for 272 
different group against cycle number were -0.9073 (Control), -0.8427 (25G), -0.970 (22G), -0.788 (21G) and -0.9165 273 
(20G) which indicated strong correlations between the loss of percentage overlap against increasing cycles.  274 

 275 
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 276 

Fig. 5 (a-e) Histogram of normalized I2 distributions from the images shown in Fig. 4. Two Gaussian distribution curves 277 
were fitted to each I2 distribution as shown in the inset in (d) and (e) to provide two mean values µ1 and µ2 due to non-278 
normal distributions have been observed. (f) The percent overlap against cycle number from control and needle groups. 279 
An example of overlap was shown in the wavy patterns in (c). Error bars represent standard deviation from those samples 280 
in each group. 281 

The mean I2, μ1 and μ2 values from each group are shown in Fig. 6(a-c) and their normalised values are shown in Fig. 282 
6(d-f). All the values were taken as averages from all the samples over 70 cycles, i.e., the mean values from all samples 283 
with eight data points for each sample. Error bars represent the standard deviation from eight samples. For non-284 
normalised results, on average larger needles caused more damage compared to the smaller needles, and there is an 285 
overall decrease of I2 values with increase of needle size while variations occurred in needle group 22G. The same 286 
occurred in µ1, µ2 values when the distribution was split by Gaussian fitting into two more or less organised populations. 287 
For normalised results, decreasing trends were also observed with less variations in I2 and µ1 compared to non-288 
normalised values.  289 

Comparing these five needle groups, statistical Kruskal-Wallis tests (5% confidence) showed that there were no 290 
significant differences between these groups in non-normlaised I2 and µ2 where the p-values were 0.058and 0.0596, 291 
while differences could occur in µ1 where p-value was 0.031. For normalised results, p-values were found much higher 292 
than 5% where p= 0.215, 0.331, 0.134 for I2, µ1, µ2, respectively. This indicated no significant differences could be 293 
concluded in normalised values between different needle groups. Decreasing trends were observed in those three values 294 
against the needle sizes, the correlation coefficients for non-normalised results against needle sizes (0.5 – 0.9 mm) were 295 
-0.744 (I2), -0.512 (µ1), and -0.810 (µ2); for normalised values the correlation coefficients were -0.903 (I2), -0.876 (µ1) 296 
and -0.655 (µ2). These indicated that normalised I2 and µ1 showed strong linear correlations with needle size.  297 

Two mixing proportions P1 and P2 of those two populations µ1 and µ2 showed less obvious trend with increasing cycle 298 
numbers or needle sizes (Supported Material 2). No significant differences were found among groups (with 5% 299 
confidence) where p-values from Kruskal-Wallis tests were 0.380 (non-normalised P1), 0.423 (non-normalised P2), 300 
0.292 (normalised P1) and 0.431 (normalised P2). Weak correlations were also found where Pearson’s correlation 301 
coefficients between the needle size and non-normalised P1 was 0.579, between non-normalised P2 was -0.593, between 302 
normalised P1 was -0.2879, and between normalised P2 was -0.416. The correlations between cycle numbers varied 303 
among needle groups. For non-normlased P1 , the correlation coefficients between cycle numbers were -0.299 (Control), 304 
0.858 (25G), 0.1263 (22G), -0.336 (21G) and 0.397 (20G); for non-normalized P2 were 0.291 (Control), -0.863 (25G), 305 
0.051 (22G), 0.285 (21G), and -0.403 (20G). For normalised P1, the correlation coefficients between cycle numbers 306 
were -0.659 (Control), 0.903 (25G), 0.499 (22G), -0.705 (21G), and 0.758 (20G); for normalised P2 were -0.052 307 
(Control), -0.809 (25G), 0.768 (22G), 0.440 (21G) and 0.148 (20G).  308 
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 309 

Fig. 6 The mean value of I2, μ1, μ2 for whole images from 5 groups in (a-c), their normalised values in (d-f). Each 310 
value was taken as the averaged value from all those samples over 70 cycles. Error bars represent the standard 311 
deviation from eight samples in each group. 312 

 313 

Fig. 7 I2 values of representative samples taken from each group versus cycle number in (a). The slopes of decreasing 314 
I2, μ1, μ2 values over 70 cycles from 5 groups in (b-d). The slopes of decreasing normalised I2, μ1, μ2 values over 70 315 
cycles from 5 groups in (e-g). Error bars represent the variation of I2 values from each group.  316 

In order to investigate any progressive damage due to axial cyclic loading, the results of the mean I2 values taken from 317 
the polarized-SHG images were plotted against cycle number, as shown in Fig. 7(a). A linear approximation was fitted 318 
where the slope was also plotted from one representative sample in each group. The mean slopes of I2, µ1, µ2 from all 319 
the samples separated to each group were plotted in Fig. 7(b-d) and their normalised values were plotted in Fig. 7(e-g). 320 
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The correlation coefficients between non-normalised I2 and cycle numbers were -0.627 (control), -0.893 (25G), -0.851 321 
(22G), -0.978 (21G), -0.924 (20G); and were -0.562 (control), -0.871 (25G), -0.518 (22G), -0.974 (21G) and -0.924 322 
(20G) for normalised I2. The correlation coefficients between non-normalised µ1 and cycle numbers were -0.588 323 
(control), -0.829 (25G), -0.518 (22G), -0.937 (21G), -0.939 (20G); and were -0.582 (control), -0.835 (25G), -0.644 324 
(22G), -0.936 (21G) and -0.934 (20G) for normalised µ1. The correlation coefficients between non-normalised µ2 and 325 
cycle numbers were -0.055 (control), -0.962 (25G), -0.955 (22G), -0.925 (21G), -0.798 (20G); and were -0.039 (control), 326 
-0.952 (25G), -0.935 (22G), -0.913 (21G) and -0.934 (20G) for normalised µ2 . For both normalised and non-normalised 327 
results, I2, µ1, µ2 were less negatively correlated to cycle numbers for the control group compared to the needle groups, 328 
which indicated the cyclic loadings had less damaging effects on the control group compared to the needle groups.  329 

Overall decreases were observed in both normalised and un-normlised mean I2 slopes with increasing needle size where 330 
the correlation coefficient was -0.664 for non-normalised slopes and -0.603 for normalised slopes. Similar trends of 331 
decrease also occurred in non-normalised µ1, µ2 where correlation coefficients were -0.257 and -0.591; however, the 332 
decreasing trends were less obvious in normalised slopes where the correlation coefficient was -0.075 for normalised µ1 333 
slope and -0.005 between normalised µ2 slope and needle size. For both normalised and un-normliased slopes, the p-334 
values from Kruskal-Wallis tests were also found much higher than 5% confidence, where p=0.372, 0.228, 0.610 (for 335 
un-normliased I2, µ1, µ2 slopes, respectively) and p=0.713, 0.265, 0.662 (for normalised I2, µ1, µ2 slopes respectively). 336 
These indicated no significant difference was found between groups at 5% significance level.   337 

3.3. Cell nuclei images 338 

AF collagen fibre bundles and cell nuclei were imaged using SHG and TPF microscopy as shown in Fig. 8(a-c) where 339 
images were taken from a representative disc sample punctured by a 25G hypodermic needle at the site of the puncture. 340 
Images from a control-group sample are shown in Fig. 8(d-e). In Fig. 8(a) the needle puncture is located at the centre of 341 
the image where some rounding in cell shape was found surrounding the puncture in Fig. 8(b) compared to the elongated 342 
spindle-shaped cells embedded in unpunctured collagen bundle in Fig. 8(d). Higher magnification of the image in Fig. 343 
8(c) was taken at the corner of the puncture within a square in Fig. 8(b).  344 

 345 

Fig. 8 AF Collagen fibre (red) and cell nuclei (green) images using SHG and TPF microscopy respectively. (a) Image 346 
was taken using an 10x air objective at the puncture site where the puncture was located at the centre of the image 347 
highlighted by a smaller square. (b) A higher amplification re-scanned image from the same puncture site in the centre 348 
of (a). (c) A higher amplification of image taken at the edge corner of the puncture from (b). Length (l) to diameter (r) 349 
ratios were calculated across the image. (d) AF image taken from an unpunctured disc sample: cells were elongated 350 
within collagen fibre. Length (l) to diameter (r) ratios were calculated across the image. (e) AF image between two 351 
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collagen bundles. All images were taken at 512 x 512 pixels with pixel size 2.76 μm x 2.76 μm. Error bars represent (a) 352 
200 µm, (b) 100 µm, (c) 50 µm, (d) 50 µm and (e) 20 µm. 353 

This shows the cell nuclei are more irregular, rounder and accumulated near the damage site where the collagen fibre 354 
was pushed down into the disc. Fig. 8(d) was taken from a control sample where cells are thinner and elongated between 355 
collagen fibres. Accumulated cells with irregular shapes were also observed between collagen bundles as indicated by 356 
small an arrow in Fig. 8(a) and Fig. 8(e). Near the puncture site in Fig. 8(c), the average value of cell length (l) to 357 
diameter (r) ratio (l/r) was 2.98±1.05 (65 cells) which indicated rounder cell shape, compared to cells in unpuncture 358 
sample shown in Fig. 8(d) where the cell shape are more elongated with averaged l to r ratio (l/r) 4.47±1.29 (53 cells). 359 

4. Discussion 360 

This study aimed to investigate the effect of needle puncture on the outer surface of the annulus fibrosus using SHG. It 361 
has previously been found, in animal models, that short-term damage can be effectively restrained when small needles 362 
are used, due to the laminated and fibrous structure of the annulus fibrosus [17]. Four different sizes of needles were 363 
thus included in this study to investigate the damage to the outer annulus fibrosus. Needle punctures have been suspected 364 
to cause long term back pain due to structural damage which can lead to biochemical dysfunction [19], cyclic loadings 365 
were applied axially in this study to investigate progressive damage surrounding the puncture. Low-frequency cyclic 366 
loading was used in this study since it has previously been found to affect delamination and wall distortion in the annulus 367 
[33].We had previously studied the damage further away from the puncture site and the results showed that the needle 368 
puncture did not cause any changes in the elastic modulus of annulus fibrosus [35]. However, the tests were performed 369 
on annulus fibrosus samples which had been cut into strips. In this study, whole motion segments were thus used with 370 
disc samples remaining attached to two vertebrae. 371 

Whilst the amount of dehydration was minimised in the experiments by applying petroleum jelly around the AF and 372 
endplates, leaving a small window exposed to the air at the puncture site and by rinsing the puncture site with PBS just 373 
before puncture, some sample dehydration will have taken place. Whole motion segments were used to give an as 374 
realistic as possible puncture and loading protocol, however these could not be maintained in a water bath, and therefore 375 
some water may have been lost from the cut ends of the bone. Additionally an air objective, instead of water or oil 376 
objective, was used for the imaging to allow a large enough field of view to cover the whole puncture site, however in 377 
doing so moisture could also be lost at the image site. Any dehyrdration taking place may account for the -10.2% of 378 
axial strength loss on average within imaging period 2.5 hours on unpunctured. For punctured samples, the axial strength 379 
loss was found between -14.4% to -18.9 % on average within imaging period of 3.5 hours while the on AF imaging area 380 
was rinsed in between by PBS just before the puncture. Dehydration could also cause minor bone shrinkage and slippage 381 
with reduced diameter [61-62], while the main dehydration in this study was still assumed to come from the direct 382 
imaging area exposed to the air as the dehydration from the vertebrae would require the water to diffuse through the 383 
endplates. Needle damage would also cause loss of axial strength in the needle groups [63-65]. In this study, although 384 
not being able to differentiate two factors explicitly from the same samples, axial strength loss in the needle group were 385 
4.2 – 8.7% greater compared to the control group which could come from the needle puncture.  386 

Due to the geometry of the microscope, to carry out images of the tissue deformation whilst the disc was being punctured 387 
was not possible which is one of the main limitations of SHG. It was thus not possible to make any direct comparison 388 
before and after the puncture on the same sample surface as it was inevitable to puncture at a different spot. This was 389 
also due to the small needle diameters (0.5-0.9 mm) compared to the size of 5 x 5 mm2 area left for imaging. Otherwise 390 
to make direct comparisions between the collagen fibre orientations at the site before and after puncture would have 391 
further enhanced the study and provided valuable information about how the size and shape of the puncture and the 392 
amount of peripheral damage were affected. The SHG imaging was from a single focal plane with a depth of 393 
approximately 7µm, and due to the scattering nature of AF tissue we were only able to image close to the sample surface. 394 
Changes out of the focal plane caused by the needle puncture and loading therefore could not be monitored. In addition, 395 
the circumferential locations of punctures were not recorded in this study. The main challenge also came from the fact 396 
that the imaging was limited to the 7 µm focal depth and the imaging windows could not be all located at posterior 397 
portion after the initial dissection. The microstructure of AF can vary on the same disc where outer AF were found 398 
thinner and the fibres in the adjacent layers were found to be more in parallel in posterior portion compared to anterior 399 
or lateral portion [66]. Clinical lumbar puntures locate at posterior part of the disc which are expected to cause disc 400 
damage more easily. To determine long-term damage in terms of puncture locations would require larger sample sizes 401 
and precise microdissections while this study presented a preliminary results of prepherial damages on outer AF surface 402 
after short period of cyclic loadings.  403 

Two different types of needles, the hypodermic and spinal needle, with two different sizes were used in this study. The 404 
damage caused by the needle shape were not compared in this study. Some of the collagen bundles were cut through 405 
with part of the collagen fibres being pushed inside or lifted up (Fig. 2). Those collagen fibres which were lifted up were 406 
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out of the imaging focal depth (7μm) and had low SHG intensity and thus were not included in this study. In Fig. 3, the 407 
puncture size change could indicate the loading might have caused tearing in the puncture in which less shrinkage 408 
occurred in the direction perpendicular to the loading and larger needles caused more tearing with negative correlation 409 
to needle size. However, the complex combination of mechanical stretching, orientation of needle tip opeenings, the 410 
cutting of the collagen fibres, drying of the sample surface could also take place. Similar to the clinical applications, the 411 
openings of the tips were random and not monitoered in this study. The effect of dehydration could also contribute to 412 
shape changes which is the limitation in this study. Larger sample sizes were required to verify the significant changes 413 
under hydrated states. Furthermore, all the samples were fixed on the rig, those changes (shrinkage or expansion) have 414 
been found occurred only locally, i.e. within adjacent fibre bundles, while this study only focused on the imaging site 415 
of around 1.5 mm x 1.5 mm area with pixel size 2 µm x 2 μm to cover the whole puncture site and compare the 416 
progressive damages.  417 

From the polarised-SHG imaging results, the overall I2 value decreases with increasing needle size, as shown in Fig. 6.  418 
Non-normal distributions were found in I2 and two Gaussian curves were fitted with two mean values (μ1, μ2) being 419 
compared. Those two values represent the populations of more organized (μ1) and less organized (μ2) collagen molecules 420 
across the whole images. However, how those two populations relate to damages at molecular level such as damages on 421 
different molecules and thus collagen network will require further invests with larger sample sizes and higher 422 
magnification objectives imaging the damaged fibrils. Each fitted Gassian distribution curve was described in three 423 
parameters, the mean (μ), the mixing proportion (P) and the standard deviation (σ). 26 out of 29 samples having 424 
decreasing μ1 with increasing cycle number indicated an overall shift of average values in more organised collagen 425 
population. However, no obvious trends were oberserved in P and σ which suggested more complext mechanism were 426 
taken places where two polulations did not simply shift rather than changing in both proportions and distributions.  427 

A progressive decrease in overall I2 over short-term cyclic loading was observed, with a larger needle size having more 428 
decrease as shown in Fig. 7. Strong correlations were found between cycle numbers and I2, µ1 and µ2 in needle groups 429 
with correlation coefficients higher than 0.79, while weaker correlations were found in control group with correlation 430 
coefficients less than 0.59. These indicated the needle damage could cause more progressive damage. It can be further 431 
explored and applied in clinical practice, since this result suggests that using larger needle can cause more long-term 432 
damage. However, the statistical results in this study, although the percent overlap I2 distribution decreased with 433 
increasing cyclic loadings for all samples, no statistical differences could be concluded between needle groups. Similarly, 434 
decreasing trends were found in normalised and non-normalised I2, µ1, µ2 and their slopes, while no significant 435 
difference could be concluded within 5% confidence. These also verify the results from other research groups [4-5] in 436 
which mild or moderate damage have been observed. While it does not come as a surprise that using a larger needle can 437 
increase damage, this study showed that the reason for this increase is not the larger hole produced by the larger needle, 438 
but rather the microscopic local disruption around it. 439 

Finally, the outer AF cell nuclei at the puncture site showed rounded shape (Fig. 8). Clustered and round cells have also 440 
been found surrounding puncture and between bundles, which has been little studied. Round cells are often observed in 441 
aging and degenerative discs, instead of elongated fibroblast-like in healthy young discs [67-70]. Cell shape can 442 
influence cell function and mitogenesis capacity, and in turn the interactions between cells and extracellular matrix can 443 
regulate cell shape, cell gene expression and cell functions [71, 72]. In this study, disc samples had undergone the 444 
freezing and thawing processes, cell nuclei rounding could be due to membrance lysis during the process, or the needle 445 
damages of the extracellular matrix causing the AF cells return to their lower mechanical energy state which tend to be 446 
round in nature. To have clearer understanding of the cause would require cell membrane of cytoskeletal imaging which 447 
will be left in future work.   448 

In this study, the number of samples was small with only 5 to 6 samples in each group and some results have not shown 449 
statistical differences in this study, further improvement including the effect of cyclic loadings with longer period would 450 
require larger sample sizes with samples kept in hydrated state for statistical studies.       451 

 452 

5. Conclusion 453 

In this study the progressive damages on collagen fibres in outer annulus fibrosus of bovine intervertebral discs caused 454 
by needle puncture were investigated using polarization-resolved SHG at the site of puncture. By using a generic model 455 
to analyse the SHG response, the degree of the collagen fibril organization was presented pixel by pixel. There were 456 
two main categories of the puncture shape which agree with the results from other research groups, corresponding to 457 
more or less damage induced on the collagen organization. Larger needles have been found to cause more moderate 458 
damages over short-term cyclic loadings while statistically no significant differences can be concluded with such small 459 
sample sizes. There are a few limitations in this study, including the dehydration which caused 10-19% of axial strength 460 
loss, the SHG limited to prepheral images, and small sample size.    461 
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In conclusion, although with small sample sizes, mechanical effects of needle puncture found in this study on disc 462 
microstructure were not significantly affected by needle type, and only marginally by needle size. This confirms that 463 
puncturing the disc for diagnostic or therapeutic aims should be avoided when possible, because all types and size of 464 
needles induced similar damage, and it should be done with smaller needle size when necessary.  465 
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