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Quantitative bi-component T2* analysis 
of histologically normal Achilles tendons

Introduction

The Achilles tendon is composed of approximately

66% water and the dry weight is approximately 87%

collagen and 0.2% glycosaminoglycans (GAGs)1,2.

Historically, knowledge of tendon composition has re-

quired invasive techniques such as biopsy or has

only been available using post-mortem tissue. Howe-

ver, in the past few years, this information has beco-

me available using non-invasive magnetic resonance

(MR) imaging techniques.

MR imaging detects the protons in water and can pro-

vide quantitative measures in the form of T2 or T2*

values, representing intrinsic tissue biomarkers. The-

se values are typically calculated using single-compo-

nent models, but can also be calculated using a bi-

component model3. Bi-component fitting allows for

protons to be assigned to “short” and “long” pools, re-

presenting water bound to macromolecules (including

collagen and glycosaminoglycans) and bulk water, re-

spectively3-5.

A new group of clinically compatible sequences,

col lect ively known as ul tra short t ime-to-echo

(UTE) techniques6, have been used to show stati-

stically significant differences in bi-component T2*

values between healthy volunteers and patients

with Achilles pathology7. However, there is consi-

derable overlap in reported values when studied in

vivo. Additionally, in vivo studies have shown re-

gional variation, with varying quantitative values

based on sample location in the proximal-distal di-

rection7,8 or within a transverse plane8, even in the

same patient. The reason for these differences is

unclear and differences in normal matrix composi-

tion may be a contributing factor. However, subcli-

nical Achilles tendon degeneration is common and

an alternate possibility. In cadavers that were re-

ported to be healthy at the t ime of accidental

death, Kannus et al. found Achilles tendon degene-

ration in 35% of specimens using histologic analy-

sis9.

There has been a paucity of studies that have perfor-

med correlation between quantitative MR measu-

res and histology using Achilles tendons10,11. To

the best of our knowledge this has not yet been

performed using bi-component analysis with UTE

MRI techniques. Therefore, the aim of this pilot

study was to implement UTEMRI with bi-compo-

nent analysis on grossly normal Achilles tendons

with histologic correlation to observe the degree of

variability.
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Summary

Introduction: the aim of this pilot study was to im-

plement ultrashort echo time (UTE) MRI with bi-

component analysis on grossly normal Achilles

tendons with histologic correlation.

Materials and methods: six tendon samples which

were grossly normal on visual inspection and pal-

pation were harvested. A 2D UTE pulse sequence

was implemented on a 3T MR scanner and bi-

component and single-component T2* analysis

was performed. Tendon samples were histologi-

cally processed and evaluated.

Results: mean short T2* fraction was 79.2% (95%

confidence interval [CI],70.1 – 88.3%), mean short

T2* was 1.8 ms (95% CI, 1.3 – 2.3 ms), mean long

T2* fraction was 20.8% (95% CI, 11.7 – 29.9%),

mean long T2* was 9.2 ms (95% CI, 5.1 – 13.3 ms),

and mean single-component T2* was 2.5 ms (95%

CI, 1.8 – 3.1 ms).

Discussion: 2D UTE MRI with bi-component and

single-component T2* analysis was successfully

implemented. Inter-individual variation can be de-

monstrated in grossly and histologically normal

Achilles tendons.
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AS/(AS +AL). Estimation of background noise was

performed using a maximum likelihood estimation

distribution fitting of a partial histogram and non-ne-

gative least square curve fitting was employed for

both single and bi-component models. Fit curves

along with 95% confidence intervals and residual si-

gnal curves were created15. Coefficient of determi-

nation (R2) and root mean squared error (RMSE)

were calculated to quantify the goodness of fit8,16.

Single component T2* maps were calculated by a

pixel-by-pixel basis for visual comparison to histolo-

gic slides.

Histologic analysis

Each Achilles tendon piece was fixed in 4% forma-

lin, dehydrated with alcohol, and embedded in paraf-

fin. Sections were cut and stained with hematoxylin

and eosin (H&E) and Safranin-O-Fast Green (Saf-O)

to evaluate for collagen structural integrity and pro-

teoglycan content, respectively17. Tendons were

evaluated for signs of tendinosis, including abnor-

mal tenocyte morphology, chondroid metaplasia,

fatty/mucoid degeneration, or proteoglycan/GAG de-

position9,18. All sections were examined by an expe-

rienced pathologist with expertise in orthopedic

pathology.

Materials and methods

Sample Preparation

This research study has been conducted according

to the international standard and as required by the

journal12. Specimens used in this study underwent a

single freeze-thaw cycle, which occurred prior to

dissection. Six tendon samples were dissected from

three donor ankles (3 females; 86.3±0.6 years,

mean±standard deviation) and were grossly normal

on visual inspection and palpation without evidence

for tearing, tendon enlargement, or softening. Ten-

don samples were harvested from the mid-section,

defined as the portion of tendon within 3-4 cm above

the calcaneal tuberosity. Each tendon sample was

approximately 1.5 cm in length. Tendon samples

were placed into syringes filled with Fomblin (Ausi-

mont, Thorofare, NJ) to minimize dehydration and

susceptibility effects13 and stored in the refrigerator

at 4°C. On the day of imaging, specimens were

equilibrated with room temperature for at least 4

hours prior to scanning.

MR imaging and image analysis

MR imaging was performed on a clinical 3T MR

scanner (SignaHDx, GE Healthcare Technologies,

Milwaukee, WI). The system had gradients capable

of a slew rate of 150 T/m/s and amplitude of 40

mT/m on each axis. A 1-inch diameter transmit-recei-

ve birdcage coil was used for signal excitation and

reception. Tendons samples were carefully oriented

in the same expected position as a clinical scan with

the long axis of the Achilles tendon parallel to the

main magnetic field. The 2D UTE sequence was

performed which uses a short half pulse excitation

followed by 2D radial ramp sampling (minimal nomi-

nal TE of 8 μs). Imaging parameters included: TR =

100 ms, TE = 0.008, 0.1, 0.2, 0.4, 0.6, 0.8, 2, 4, 10,

15, 20, and 30 ms, field-of-view (FOV) = 5 cm, slice

thickness = 3 mm, matrix = 256 x 256, and number

of excitation (NEX) = 2. Total imaging time was

about 13 minutes.

Using the axial images, regions of interest (ROI) we-

re placed within each tendon and copied to the cor-

responding position on subsequent TE images (Fig.

1). The mean intensity within each ROI was used for

curve fitting. Single and bi-component T2* analysis

was performed using a semi-automated MATLAB

(The Mathworks Inc., Natick, MA) code developed

in-house as previously described3,14. For single-

component analysis, UTE signals SN(t) were fitted

with the following equation: SN(t) = A x exp(-t/T2*) +

noise. For bi-component analysis, UTE signals SN(t)

were fitted with the following equation: SN(t) = AS x

exp(-TE/T2*S) + AL x exp(-TE/T2*L) + noise, where

AS is the amplitude of the short component, AL is the

amplitude of the long component, T2*S is the short

component T2*, and T2*L is the long component T2*.

Apparent short component fraction was defined as

Figure 1. 2D UTE MR images of Achilles tendon, sample 5,

shows signal decay with increasing echo time (TE). Region

of interest used for quantitative analysis is also shown (da-

shed white line).
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Statistical analysis

Descriptive statistics were performed. Mean values

with standard deviation (SD) and 95% confidence in-

tervals (CI) were reported for single and bi-compo-

nent analyses. Statistical analyses were performed

using the SPSS software package (version 21; SPSS,

Chicago, IL, USA).

Results

The 2D UTE protocol generated high quality MR ima-

ges that adequately sampled the signal decay pattern

of tendon (Fig. 1). Bi-component curve fitting was su-

perior compared with the single-component algorithm

for all tendons (Fig. 2), and the goodness of fit quanti-

fiers (R2 and RMSE) were also lower for the bi-com-

ponent fit compared with single-component fitting.

Quantitative results are listed in Table 1. Mean short

T2* fraction was 79% (range 67-93%), mean short

T2* was 1.8 ms (range 1.4-2.4 ms), mean long T2*

fraction was 21% (range 8-33%), mean long T2* was

9.2 ms (range 5.6-16.4 ms), and mean single-compo-

nent T2* was 2.5 ms (range 1.9-3.1 ms).

Single-component T2* maps showed regions of varia-

tion within a transverse slice, however all tendons

were normal on histologic evaluation without gross di-

scernable differences on either stain (Figs. 3, 4).

Specifically, there were no regions of collagen fiber

Figure 2. Quantitative analysis of Achilles tendon, sample

5. Signal fitting with a bi-component algorithm (A) shows

superior fitting compared with the single-component algo-

rithm (C). This is confirmed with systemic residual signal

plot which is smaller with the bi-component algorithm (B)

compared with the single algorithm (D). Additionally, coeffi-

cient of determination (R2)/root mean squared error (RM-

SE) were was 1.0/23.0 for the bi-component fit compared

with 1.0/49.7 for the single-component fit.

Figure 3. UTE MRI and histologic analysis of Achilles ten-

don, sample 5. 2D UTE MR image with 8 µs TE (A), single-

component T2* map (B), H&E stain (C), and Saf-O stain

(D) shows normal tendon. Regional variability is seen on

the T2* map (B), characterized by increased T2* central-

ly,which is not evident on histological stains.

Figure 4. UTE MRI and histologic analysis of Achilles ten-

don, sample 6. 2D UTE MR image with 8 µs TE (A), single-

component T2* map (B), H&E stain (C), and Saf-O stain

(D) shows normal tendon. Regional variability is seen on

the T2* map (B), characterized by increased T2* on the left

side of the image,which is not evident on histological

stains.

Table 1. Bi-component and single component T2* analysis results for normal Achilles tendons.

Sample Short T2 Short T2* Long T2* Long T2* R2/RMSE Single-component R2/RMSE

Number Fraction (%) (ms) Fraction (%) (ms) (Bi-component) T2* (Single-component)

1 73.8 1.4 26.2 5.6 1.0/36.7 2.0 1.0/61.6

2 82.9 1.4 17.1 10.2 1.0/21.8 1.9 1.0/53.5

3 82.2 1.4 17.8 7.0 1.0/34.0 1.9 1.0/55.7

4 76.2 2.2 23.8 9.2 1.0/41.3 3.1 1.0/69.4

5 67.4 2.1 32.6 6.8 1.0/23.0 3.1 1.0/49.7

6 92.5 2.4 7.5 16.4 1.0/18.6 2.7 1.0/32.5

Mean ± SD 79.2 ± 8.7 1.8 ± 0.5 20.8 ± 8.7 9.2 ± 3.9 2.5 ± 0.6

[95% CI] [70.1 - 88.3] [1.3 - 2.3] [11.7 - 29.9] [5.1 - 13.3] [1.8 - 3.1]
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disruption, abnormal tenocyte morphology, metapla-

sia or degeneration. No regions of abnormal staining

were noted on Saf-O to suggest degenerative proteo-

glycan/GAG deposition.

Discussion

In our pilot study we have shown that UTE MRI with

bi-component and single-component T2* analysis can

be successfully implemented, and bi-component

analysis shows superior curve fitting relative to sin-

gle-component analysis. Additionally, we found that a

range of quantitative values can be seen in grossly

and histologically normal Achilles tendons. De Mos et

al. have previously shown that normal Achilles ten-

dons can vary in water content with a 95% confiden-

ce interval of 55.4-77.0% (mean 66.2%) as well as

dry % collagen content with a 95 confidence interval

of 55.5-73.5% (mean 64.5%), using weights and hi-

gh-performance liquid chromatography, respectively1.

Using clinically compatible UTE techniques, we show

that similar variation is detectable using MRI on histo-

logically similar samples evaluated with H&E and Saf-

O stains.

Other Authors have also reported a range of bi-com-

ponent and single-component T2* analysis values,

and our results are within range to previously publi-

shed studies. For instance, Juras et al. studied 10

healthy volunteers using 3D-UTE with bi-component

analysis and for their results at 3T, mean short T2*

fractions varied from 47-79%, depending on sampling

location within the Achilles tendon8. Short T2* frac-

tions in our sample demonstrated overlap with this

range, varying from 67-93%. Similarly, in the same

study, Juras et al.8 reported mean long T2* values to

range from 7.9-31.8 ms which compares to our long

T2* values which range from 5.6-16.4 ms. Regarding

single-component analyses, the range of our T2* va-

lues (1.9-3.1 ms) is similar to that previously reported

by Filho et al. (1.8-2.6 ms)10.

From a clinical perspective, the wide range of values

in our sample and in the literature confirms the impor-

tant point that caution must be made when interpre-

ting quantitative MRI values and utilizing a cut-off va-

lue for the determination of normal versus abnormal

tissue19,20. In particular, overlap of quantitative values

between normal and abnormal tissues can degrade

diagnostic performance, even in spite of statistical si-

gnificance between groups19,20. However, non-invasi-

ve quantitative MRI techniques may be particularly

useful for longitudinal measurements in individuals,

such as for monitoring after treatment or therapy.

Using the conventional light microscopy techniques in

our study, we were unable to determine the source of

individual variability since the tendons appeared nor-

mal and histologically similar on H&E and Saf-O

stains. However, the inter-specimen variability can be

not only due to water and collagen content, but diffe-

rences in collagen fiber orientation. Under polarized

light microscopy, tendon collagen fibers have been

shown to run in longitudinal, transverse and oblique

directions and can form complex patterns, including

spirals and plaits21. It is well known that tendon is ex-

quisitely sensitive to relatively small changes in orien-

tation between its long axis and the direction of the

main magnetic field22,23. Wang et al. have shown that

10-15 degree differences in orientation can alter not

only measurements in relaxation times of individual

components, but also the number of measureable

components24. As discussed by Zheng et al., tran-

sverse relaxation measurements are actually “compo-

site” measures reflecting complex factors at both mo-

lecular/structural levels within a specimen and proce-

dural levels including instrumentation used for mea-

surements/data analysis25. The complex interplay

between detectable relaxation differences, the physi-

cal reason for these differences, and the clinical si-

gnificance of these differences deserves additional

study.

Our study has some limitations. First, our sample size

was small, consisting of six tendons from three do-

nors. However, this was a pilot study, implementing a

relatively new quantitative MRI technique. We were

able to confirm that individual variability could be de-

monstrated in grossly and histologically similar Achil-

les tendons. With more specimens we would expect

an even greater amount of variability. Second, we

used only routine light microscopic methods with H&E

and Saf-O staining for histologic analysis. Other tech-

niques including polarized light microscopy, transmis-

sion and scanning electronic microscopy, and histo-

chemical techniques may have demonstrated additio-

nal variability in tissue. However, the basic diagnosis

of tendon degeneration can be determined with routi-

ne light microscopy9.

In conclusion, in our pilot study, we have found that

UTE MRI with bi-component and single-component

T2* analysis can be successfully implemented. Addi-

tionally, we found that grossly and histologically nor-

mal Achilles tendons can demonstrate a range of

quantitative values using single and bi-component

T2* analysis, reflecting individual variability.
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