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Running title
DCE-MRI of healing fractures.


Abstract
Purpose 
DCE MRI (Dynamic contrast-enhanced MRI) is an established technique for characterising abnormal tissue microvasculature within solid tumours, but has also shown promise for assessing bone and bone marrow. This study aims to define the range of quantitative pharmacokinetic parameters in normal healing bone with dynamic contrast enhanced MRI. 

Materials and Methods 
In this study ethical approval for 8 patients was obtained. Inclusion criteria were an extra-articular distal radial fracture in patients aged 20-50 years which had united by 6 weeks in plaster cast. This was assessed by an experienced orthopaedic surgeon.  DCE-MRI was performed at 1.5T 6 weeks after initial injury.  The Ktrans, Kep and IAUC values for the fracture site and adjacent marrow were obtained for each patient.

Results 
The mean T1, Ktrans, Keρ and IAUC at the fracture site were 1713 (SD 645), 0.09 (SD 0.07), 0.17 (SD 0.17) and 4.9 (SD 4.4). The relative standard deviation (RSD) for the fracture site ranged from 0.38 to 0.97 and for the adjacent marrow ranged from 0.95–3.88. Within each patient the range of RSDs was 0.04–0.42 for T1, 0.26–0.91 for Ktrans, 0.14–1.06 for Keρ and 0.35–0.96 for the IAUC.

Conclusion: 
Pharmacokinetic measures of perfusion can be obtained from healing fractures using DCE-MRI with “excellent” intraclass correlation coefficients for inter and intra-rater reliability. The use of these perfusion parameters is limited by wide patient-to-patient variation and slice-to-slice variation within patients. 
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Introduction
Fracture healing relies on adequate bone perfusion, as well as many other factors, in order to achieve union.  A poor or absent blood supply can lead to abnormal or incomplete healing(1), which may lead to significant morbidity or necessitate surgical procedures to correct.  Dynamic Contrast Enhanced MRI (DCE-MRI) has been used for the non-invasive evaluation of the perfusion of bone (2–4) and to assess fracture fragment viability prior to surgical intervention(5).  DCE-MRI has been shown to have a higher diagnostic accuracy for bone viability than either unenhanced MRI or contrast-enhanced MRI(5).

Fracture non-union is a clinically important entity, which can be associated with significant morbidity.  Currently there are no available non-invasive diagnostic tests, which can be used to identify fractures at increased risk of non-union.  DCE-MRI can be used to measure and describe the perfusion at the fracture site and potentially identify abnormalities in perfusion at an early stage and allow for earlier intervention, which could range from further manipulation of the fracture site to complex revascularization procedures.

The purpose of this study is to observe and describe the properties of normal healing fractures with DCE-MRI using extra-articular fractures of the distal radius as a model.  Extra-articular, non-displaced fractures of the distal radius are inherently stable at six week follow-up and are very unlikely to result in any symptomatic malunion12. The primary aim is to provide reference measurements derived from pharmacokinetic modelling of normal healing bone.  The secondary aim is to measure the inter- and intra-rater reliability of these measurements.
Methods
Patients
National ethics committee review was obtained for a total of eight patients.  To recruit a population with normal healing bone, patients aged between 20 and 50 were included into the study.  Patients were identified by a regular PACS search and were provided with the study literature at their first fracture clinic appointment.  Patients with an extra-articular fracture of the distal radius deemed suitable for conservative management and without any of the exclusion criteria (table 1) were enrolled.  

Patients were reviewed in an orthopaedic clinic by an orthopaedic surgeon of 23 years (AP) experience at six weeks following the injury and plain radiography was performed to assess for evidence of cortical union.  All imaging was performed on the same day as the clinic appointment. Clinical evidence of union was accepted as the absence of pain or movement at the fracture site on direct palpation combined with pain-free flexion and extension of the wrist joint after a period of six weeks immobilisation in cast(6) .

MRI protocol
All MRI examinations were performed on a 1.5T system (GE Signa HDxt, GE Healthcare, Bucks, UK) using a phased array wrist coil.  The wrist was examined in a prone positon with the arm extended above the head.  An HD wrist coil was used (Invivo, Gainsville, FL., USA.),  The MRI protocol consisted of coronal T1 and T2 weighted anatomical images and 5 coronal T1 weighted images of variable flip angles (5°,8°, 15°, 20°, 30°).  A 3D gradient echo, T1 weighted coronal acquisition with a matrix size of 48 x 48 was used for the dynamic acquisition.  Six slices (thickness 5mm) were used to cover the wrist in antero-posterior plane were made for the first two patients.  This was increased to eight (5mm slice thickness) after the second patient following review of the first two datasets to see if it was possible to capture an artery on the edge slices.  The dynamic images were acquired with a temporal resolution of 1 second for 10 minutes after the injection of 0.1mg/kg gadobutrol (Gadovist, Bayer Healthcare) at 2ml per second using an MR compatible pump and subsequently flushed with 20ml normal saline.  A summary of the pulse sequence variables is provided in Table 2.

Image Analysis
DICOM data were imported into a software programme written in MatLab (7.8, The MathWorks Inc., Natick, MA, 2000) by one of the authors (BK) which separated each slice of the dynamic data acquisition into separate datasets. The accuracy of the pre-contrast T1 measurements using the in-house Matlab program was validated using the Eurospin Test Object TO5 phantom (Diagnostic Sonar, Livingstone, UK).  ROIs were drawn over the fracture site by two readers: a radiologist with 12 years’ experience in MSK radiology (APT) and a radiology fellow (ML). ROIs were drawn directly on to the DCE images with a registered T1 anatomical image adjacent for accuracy (Figure 1).  ROI measurements were then analysed in ClearCanvas © (ClearCanvas, Ontario, Canada) using the DCE Tool plug-in. Maps of pre-contrast T1 (T10) were first calculated from the variable flip angle T1 weighted images.  T10 values were then used to calculate contrast agent concentration from the changes in signal intensity during the dynamic acquisition(7). The transfer constant, Ktrans, and transfer rate, kep were then estimated by fitting the standard Tofts model to the concentration time curves(8). Since reliable arterial signals could not be obtained due to the positioning of the dynamic scans, the arterial input function, AIF, was obtained from population values(9). Values of the semi-quantitative parameter, the initial area under the curve (IAUC), were also calculated by summing the concentration values from the time of arrival of the bolus, estimated visually, to 60 seconds afterwards.

Signal intensities were converted to gadolinium (Gd) concentrations using standard algorithms described in the Clear Canvas DCE Tool website (http://www.thedcetool.com/scientific). Briefly, Gd concentration is given by

 
where R1  is the relaxation rate, 1/T1, R10 is the pre-contrast relaxation rate and k is a constant related to Gd relaxivity. R1 can be calculated from signal intensity, S, by



where TR is the repetition time, S0 is the pre-contrast signal and α is the flip angle.


Statistics
Descriptive statistics were used to describe the radiological output variables.  All but one of the pharmacokinetic parameters at the fracture site met the criteria for parametrically distributed data according to the D’Agostino-Pearson test whereas all but one parameter for the adjacent marrow failed the test for normally distributed data.
Mixed two-way intra-class correlation coefficients using average measures for consistency were used to assess reliability along with Bland-Altman plots to assess the 95% limits of variation between observations. 



Results
Thirty-three patients were identified as having suitable fractures for study inclusion.  Twenty-five were excluded; 6 for a history of current cigarette smoking, 8 as they underwent open reduction and internal fixation following a failure of conservative management, 3 as they were from out of area and would not be followed up locally, 2 as they failed to attend follow up, 1 who was unable to consent and 1 patient who was claustrophobic.  The average age of the participants was 31 (range 20-41 years).  The group was comprised of six females and two males.  The average time from injury to MRI scan was 42.75 days (range 39-48 days).  Eight complete datasets were obtained.  The mean T1 intensity values, Ktrans, Kep and IAUC at the fracture site were 1713 (SD 645), 0.09 (SD 0.07), 0.17 (SD 0.17) and 4.9 (SD 4.4).  The median T1, Ktrans, kep and IAUC in the adjacent marrow were 428.7 (IQR 224–330), 0.09 (IQR 0.02–0.14), 3.86 (IQR 0.02–0.27) and 4.28 (IQR 0.97–7.5) (Table 2). The relative standard deviation (RSD) for the fracture site ranged from 0.38 to 0.97 and for the adjacent marrow ranged from 0.95–3.88. Within each patient the range of RSDs was 0.04–0.42 for T1, 0.26–0.91 for Ktrans, 0.14–1.06 for kep and 0.35–0.96 for the IAUC.  The full results are provided in Tables 3 and 4.
Representative spatial maps of the fracture site and bone marrow were created from the ROIs for Ktrans and Kep (Figure 2).
The intraclass correlation coefficients for all parameters were “excellent”(10) with ICC ranging from 0.8–0.99. Bland-Altman mean-difference plots demonstrated no funnelling to suggest a correlation between variation and magnitude of the measurements (Figures 5 and 6). The 95% limits of agreement were in the same order of magnitude as the mean pharmacokinetic measures (Tables 4 and 5).


Discussion
DCE-MRI is an established technique for the assessment of malignant tumours and their response to treatment where the increased permeability and uptake of contrast correlates to tumour activity and prognosis(11,12).  This aim of this study was to use DCE-MRI to define a reference range of pharmacokinetic measures in normal healing bone against which patients at risk of non-union could then be compared. However the variability demonstrated in pharmacokinetic outcome measures means that is has not been possible to produce a useful reference range from this dataset. It has however been possible to assess aspects of the reliability of DCE-MRI in the assessment of perfusion associated with fracture healing.
This study demonstrates that it is technically feasible to perform pharmacokinetic modelling of DCE-MRI in healing fractures. Endpoint measures of perfusion can be calculated with a high degree of inter and intra-rater reliability measured by ICCs. However there is considerable variation in the perfusion measures across this relatively small but clearly defined population sample, targeting a relatively simple fracture with tightly controlled exclusion criteria.  The relative standard deviation suggests large differences in Ktrans, kep and IAUC between patients. Even within patients there is significant variability between adjacent MR slices. 
There are a number of possible reasons for this variability. The “excellent” inter-rater reliability suggests that most of this variability is either dependent on the fracture, the patient, or both, but not the observers. The variability within each patient may by caused by heterogeneous fracture morphology that contribute to the within-patient slice-to-slice variability. The variability between patients may also be caused by differences in the severity and surface area of the fracture as well as chronological variations in fracture healing between patients. More complex patterns of fracture and associated soft tissue injury may take longer to heal than simple transverse fractures. There may also be patient-dependent variation in their ability to mount a repair response that could contribute to these findings.  Other authors have also described local variability in the pharmacokinetic modelling of growing bone, with significant variability seen between the periosteum, metaphyseal spongiosa and the metaphyseal marrow(13) and also between red and yellow bone marrow(14).  
The variation in T1 values may also indicate different stages of healing, with a greater calcium matrix providing a lower T1 further complicating the analysis.  It may be that an earlier DCE-MRI could be more useful in assessment of fracture perfusion as changes in the enhancement patterns (e.g. lower than expected Ktrans) may be more obvious prior to union and may reflect lower than ideal vascularity or perfusion. 
None of the time intensity curves demonstrated an obvious vascular phase during initial passage of the contrast bolus. We therefore chose to use the unmodified Toft’s model rather than the modified model since the latter is unreliable in the absence of an obvious vascular phase.  The lack of a vascular phase may be due to the peripheral fracture site, which probably has a very different AIF compared to that used in this study, which was calculated from AIFs taken from the abdominal aorta(9).  Attempts to measure the actual AIF on each patient proved too difficult due to the absence of large vessels in the imaged area and in part due to the coronal orientation, which was chosen to maximise the assessment of the fracture site.  An axial acquisition would have optimised imaging of the radial artery but not the radial fracture.

There are limitations to this study.  The first is that the use of population based AIFs has been shown to cause discrepancies in Ktrans values, although it is not clear to what extent this affects our data, and any discrepancy would be applied to the whole dataset. Therefore this would not affect the variation demonstrated in the results. The second is that the sample size of this study is small. It is clear from the results of this study that the variability between patients requires a larger sample to define a reference range with confidence. It also provides measures that could be used in further sample size calculations.  A third possible limitation is that a history of manipulation of the fracture was not recorded.  Extra-articular fractures which do not require reduction are more likely to progress to union before those that are displaced(15) and a fully healed fracture is unlikely to demonstrate high capillary permeability(16).  

Further, the MR signal is unlikely to reach equilibrium in 48 excitations.  If this has affected the results then all subjects should be affected equally. Therefore although absolute values of DCE parameters might be affected, the relative values between subjects will be unaffected. 
Overall this study demonstrates that pharmacokinetic measures of perfusion can be obtained from peripheral fracture sites with encouraging reliability. The 95% limits of agreement between raters are relatively broad but this may be a reflection of the relatively small sample size. T1 and perfusion measures are highly variable between and within patients. Even within a tightly controlled group of patients with a simple fracture the heterogeneity of outcome measures was higher than anticipated. While there is a predictable sequence of neoangiogenesis in uncomplicated fractures there appear to be causes of variation that are outside the observers calculating the outcome measures. Some of these causes may be related to fracture specific variations and others may be patient related factors such as cardiovascular function, nutrition and co-morbidities. Two approaches to addressing this might be to use larger samples with subset analysis of patient related factors and fracture morphology or to apply DCE-MRI earlier on in the healing process when the pharmacokinetics of perfusion might be more homogeneous. 
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Tables
Table 1
	Exclusion criteria

	Diabetes Mellitus

	Peripheral vascular disease

	Heart or renal failure

	Metabolic syndrome.

	Vasculitis

	Inflammatory arthritis

	Long-term steroid users

	Smokers

	Patients unable to consent

	Previous contrast medium reaction

	Contraindication to MRI

	Open injuries 






Table 2

	MRI Sequence Parameter
	Value

	
	

	TE
	0.94

	TR
	2.28

	Flip Angle
	30

	Number of excitations (NEX)
	1

	Matrix
	48x48

	Thickness
	5mm

	Gap
	0mm

	FOV
	34cm

	Slices
	8

	
	




Table 3



	 
	T1
	Ktrans
	Kep
	IAUC

	Fracture
	
	
	
	

	Mean (95% CI)
	1713.7
(1441–1986)
	0.09
(0.06-0.12)
	0.17
(0.10-0.25)
	4.9
(3.07-6.75)

	SD
	645
	0.08
	0.17
	4.36

	Median (95% CI)
	1740
(1267–1854)
	0.09
(0.03–0.12)
	0.13
(0.05–0.26)
	4.48
(1.63–6.83)

	Interquartile Range
	1255–2033
	0.02–0.14
	0.02–0.27
	0.97–7.5

	Relative Standard Deviation
	0.38
	0.83
	0.97
	0.89

	D’Agostino-Pearson
	0.0573
	0.39
	0.04
	0.05

	Metaphyseal Marrow

	Mean (95% CI)
	428.7
(178–678)
	0.09
(0.03–0.15)
	0.11
(0.05–0.17)
	4.28
(1.5–6.8)

	SD
	509
	0.11
	0.12
	5.2

	Median (95% CI)
	260
(227–328)
	0.04
(0.02–0.11)
	0.06
(0.03–0.17)
	1.79
(0.9–6.0)

	Interquartile Range
	224–330
	0.02–0.13
	0.03–0.16
	0.8–6.7

	Relative Standard Deviation
	1.19
	1.29
	1.07
	1.22

	D’Agostino-Pearson
	<0.0001
	0.017
	<0.0001
	0.09














Table 4
	Reliability
	Measure
	T1
	Ktrans
	Kep
	IAUC

	Inter-rater
	Difference*
	-3.38
(-254.02–247.27)
	-0.03
(-0.13–0.08)
	0.01
(-0.05–0.08)
	-0.062
(-8.41–7.17)

	
	ICC†
	0.96
(0.81–0.99)
	0.98
(0.92–0.99)
	0.95
(0.79–0.99)
	0.89
(0.42–0.98)

	Intra-rater
	Difference*
	151.71
(-698–1002.1)
	0.0
(-0.05–0.05)
	0.0
(-0.22–0.22)
	-0.27
(-3.26–2.72)

	
	ICC†
	0.8
(0.55–0.91)
	0.97
(0.93–0.99)
	0.87
(0.69–0.94)
	0.97
(0.92–0.99)



*Mean difference between observations and 95% limits of agreement.
†Intraclass correlation coefficient two-way random measures for consistency.

8

Table 5
	
	T1
	Ktrans
	kep
	IAUC

	Case
	Mean
	SD
	RSD (%)
	Mean
	SD
	RSD (%)
	Mean
	SD
	RSD (%)
	Mean
	SD
	RSD (%)

	1
	1987
	269
	13.5
	0.02
	0.02
	91.2
	0.03
	0.04
	105.6
	1.14
	0.69
	60.7

	2
	2367
	985
	41.6
	0.003
	0.0005
	14.4
	0.003
	[bookmark: _GoBack]0.0005
	14.40
	0.15
	0.07
	46.3

	3
	1304
	51
	3.9
	0.17
	0.08
	46.4
	0.33
	0.2
	61.8
	11.22
	5.23
	46.5

	4
	991
	54
	5.4
	0.14
	0.04
	26.2
	0.2
	0.03
	13.6
	7.24
	2.51
	34.6

	5
	2379
	173
	7.2
	0.03
	0.02
	72.8
	0.04
	0.04
	98.3
	1.43
	1.37
	95.9

	6
	2117
	523
	24.7
	0.11
	0.04
	31.1
	0.3
	0.05
	15.9
	6.55
	3.59
	54.7

	7
	1406
	298
	21.2
	0.17
	0.06
	34.2
	0.39
	0.19
	50.6
	7.56
	2.85
	37.7

	8
	1157
	212
	18.3
	0.08
	0.03
	39.9
	0.1
	0.04
	41.3
	4.01
	2.16
	53.8

	Mean
	1713
	321
	17.0
	0.09
	0.03
	42.7
	0.17
	0.07
	48.4
	4.91
	2.31
	53.8

	SD
	561
	307
	12.5
	0.07
	0.03
	28.2
	0.15
	0.08
	38.9
	3.87
	1.65
	19.1




Legends
Table 1
Table listing the exclusion criteria including comorbidities that might influence the pharmacokinetics of fracture perfusion.
Table 2 
Pulse sequence parameters for the DCE-MRI sequence
Table 3
Table summarising the descriptive statistics of pharmacokinetic modelling parameters in normal healing fractures.
Table 4
Table summarising reliability measurements for inter and intra-rater reliability.
Table 5
Table demonstrating range of pharmacokinetic modelling parameters within each patient
Figure 1
Side by side images of the 3D T1 gradient echo dynamic sequence and the T1 coronal anatomical images showing ROI placement for the DCE analysis.
Figure 2
Representative spatial maps of Ktrans and Kep of the fracture site and bone marrow for patients 2 and 7.  

Figure 3
Individual signal vs time-enhancement graphs for each of the studied patients demonstrating heterogeneous enhancement characteristics. Some fractures have typical arterial wash-in and wash-out enhancement of MR signal but others have gradual continuous enhancement curves that do not reach equilibrium.

Figure 4
Dot-plots demonstrating the variability of pharmacokinetic parameters between patients and between slices in the same patient. 
Figure 5
Bland-Altman plots demonstrating the mean differences in observations between the two raters plotted against the average of the observation for T1, Ktrans, Kep and IAUC.  
Figure 6
Bland-Altman plots demonstrating the mean differences in observations between first and second observations for rater 1 plotted against the average of the observation for T1, Ktrans, Kep and IAUC.  
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