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ABSTRACT
BACKGROUND: Scanner upgrades due to software and hardware changes are an inevitable part of MR research and, without quality assurance protocols, can jeopardize studies.
PURPOSE: Evaluate change in T1 relaxation time by inversion recovery (IR) and variable flip angle (VFA) measurements on a 3 T system that underwent an ‘everything but the magnet’ upgrade.
STUDY TYPE: Longitudinal
PHANTOM: ISMRM/NIST system phantom with repeated measurements across multiple (n=3) days.
FIELD STRENGTH/SEQUENCE: T1 IR, VFA at 3 T
ASSESSMENT: The T1 measurements by IR and VFA are compared to the NMR measurements, which constitute the known values for the ISMRM/NIST system phantom, to determine the measurement error.
STATISTICAL TESTS: Descriptive 
RESULTS: The T1 VFA measurement errors were distributed around zero (-15 % to + 10 %) on the original system and then the errors were distributed entirely above zero post-upgrade (+5 % to 30 %). The T1 IR results had a dramatic increase in error distribution (+/- 5 % original, +/- 20 % post-upgrade) prior to the identification of signal saturation as an issue. Once the signal saturation was accounted for, the T1 IR errors decreased to +/- 10 % post-upgrade.
DATA CONCLUSION: The T1 VFA measurement differences between the original and post-upgrade systems can be entirely attributed to contributions from B1. The T1 IR measurements demonstrate the need for quantitative QA processes. The site under study passed the QA protocols in place, which did not identify the increased T1 error, nor the signal saturation issue. To improve on this study, we would make systematic, quantitative measurements at intervals less than a year and following any hardware or software upgrade.
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INTRODUCTION
Scanner upgrades due to software and hardware changes are an inevitable part of MR-based research. For longitudinal work, upgrades could possibly introduce measurement differences in the data from before and after the system upgrade, potentially jeopardizing complex and expensive studies. For example, a recent study observed a bias in T1 measurement in a human subject following a software upgrade(1). Without sufficient quality assurance (QA) protocols using standardized and traceable imaging phantoms, it would be difficult to determine if the upgrade has affected the data collection.

To overcome these challenges, some multi-center, longitudinal studies implemented regular QA scanning with a study specific phantom (also known as a reference object). For example, sites using the Functional Bioinformatics Research Network (fBIRN) phantom for weekly QA testing were able to demonstrate that the installation of a new transmitter board increased SNR and a new RF amplifier decreased RF fluctuation(2). The initial fBIRN report clearly demonstrated the ability of regular QA scans to track variations in system stability due to changes in hardware. Similarly, the Alzheimer’s Disease Neuroimaging Initiative (ADNI) phantom was developed specifically to assess geometrical uniformity and SNR for the large, multi-year, multi-site ADNI study. The ADNI study recommended one phantom scan per patient scan to identify variation in hardware and software at participating sites(3).

Phantoms exist for the measurement of T1 and T2 relaxation times, though these quantitative phantoms are not widely used. The EuroSpin phantom set was created in 1988(4,5) and modifications followed in 1993(6,7). Objects similar to the EuroSpin set were used by the Magnetic Resonance National Evaluation Team (MagNET) in the United Kingdom for evaluation and acceptance testing of MRI systems(8,9). The EuroSpin phantom set was also used for a six-month longitudinal study of T1 and T2 relaxation times of six different MRI systems; minimal variation was found over the six-month period, though no changes to the equipment were reported(10). More recently, the National Institute of Standards and Technology (NIST) collaborated with the International Society of Magnetic Resonance in Medicine (ISMRM) ad hoc committee on Standards for Quantitative MRI to develop the ISMRM/NIST MR system phantom for quantitative assessment of T1, T2, proton density, and geometric distortion(11). The system phantom contains a geometric distortion array similar to the ADNI phantom; resolution and slice profile elements from the American College of Radiology (ACR) phantom(12); and T1 and T2 elements similar to the EuroSpin set; co-located within a sphere sized to fit inside a typical head coil. 

Longitudinal clinical trials do use reference objects for quality assurance purposes. However, the quantities assessed and the time intervals between assessments vary. For example, the ADNI study is now completing the ADNI3 phase and uses an ADNI phantom to assess linear scaling, gradient non-linearity, and signal-to-noise (SNR)(13). ADNI3 participation requires an ADNI phantom be imaged with the specified protocol for certification and within two weeks following any scanner upgrades, either hardware or software. ADNI3 does not require any additional data collection with the ADNI phantom (e.g. imaging at regular intervals). Another example, the ACRIN 6698 study required the use of an ice-water phantom(14-16) for DWI site qualification(17) and regular QA scans every six months(18). The ACRIN 6698 study used several quantitative metrics with defined performance thresholds to assess the measurements including: bias error; ADC random error; ADC b-value dependence; ADC left-vs-right coil side difference; and SNR(17). 

To understand the potential downstream effects of a scanner upgrade to on-going clinical studies, we evaluated differences in measurement accuracy of one biomarker on a system that underwent an ‘everything but the magnet’ upgrade. 

METHODS
Data Acquisition
One ISMRM/NIST MR system phantom (Fig. 1a,b) was scanned on a 3 T MRI scanner over three consecutive days before and after the five-year-old system was upgraded to state-of-the-art in 2016. The hardware and software components were upgraded, leaving only the superconducting magnet unchanged. The process required that the magnet be ramped down and then ramped up to field following the upgrade. The imaging frequency reported in the DICOM header increased by 0.021% from the original to the upgraded system.

Imaging was done using the provided head coils (12-channel head coil originally; 20-channel head coil post-upgrade). Between the three immediate post-upgrade and two-year measurements, additional T1 measurements were made using the body coil and new 20-channel head coils. The scanning session details are given in Table 1. T1 relaxation times were measured for each of the 14 T1 samples in the system phantom using both variable flip angle and inversion recovery. The acquisition parameters are given in Table 2. The phantom was carefully positioned within the head coil using a non-magnetic level, and then the phantom position was supported with pads and tape to restrict movement. If the image through the T1 sphere plane contained any spheres that did not have the maximum inclusion sphere diameter (approximately 10 mm), the phantom was repositioned. No post-processing was done on the images beyond any post-processing typically performed by the vendor.

Throughout the two years post-upgrade, the site performed QA protocols on their 32-channel head coil daily using the manufacturer-provided phantom and recommended protocol to assess SNR and each coil element. In addition, the site performed a weekly QA protocol on the 32-channel head coil using the fBIRN phantom to assess SNR and stability assessments for functional MRI(19) and diffusion tensor imaging (DTI). The 20-channel coil was assessed annually using the manufacturer-provided phantom and corresponding QA protocol to assess SNR and each coil element. 

Temperature of the bulk water in the MR system phantom was measured before and after scanning at each session using a NIST-traceable, calibrated thermometer. 

Definition of Regions of Interest (ROI)
The 14 spherical regions containing T1 samples were identified within one image per experimental scan session using software developed for this purpose. This region identification software was applied to the image corresponding to the shortest inversion time () in the IR image stack. The scan protocol required that the VFA scans take place immediately after the IR scans with no repositioning of the phantom in between. Thus, these ROI regions were also used for VFA data analysis from the same scan session. We present a summary of the algorithm:
1. ROI edges: From the first image in the IR stack, a binary edge image is computed by thresholding the signal gradient. Gradient magnitudes above a parameter level are set to one, all others are set to zero.
2. Phantom position and orientation: The known geometry of the T1 array is rendered as a binary image in the same resolution as the given scan. A rigid transformation, i.e. rotation and translation, is determined to optimally align this phantom mask with the measured edge regions. Thus, the global position and orientation of the phantom for the given scan session was determined.
3. Determination of each ROI: Finally, each ROI location is determined independently by iterative refinement: (i) Given the current list of edge pixels, the ROI center is estimated by non-linear least squares fit of a circular ROI boundary to the pixel locations; (ii) Edge pixels within a fixed distance of this center are collected into an updated list; (iii) If the set of edge pixels is changed, go back to step (i). This refinement step allows for re-positioning of individual ROIs due to scanner-based distortion.
With the location of each ROI determined as above, the ROI interior was defined as the set of pixels well separated from the ROI boundary. This interior margin was designed to eliminate Gibbs-like ringing near the boundary, and furthermore entails that signal corrections for partial pixels are not needed. At the scan resolution of this study (0.98 mm x 0.98 mm), all ROIs contained between 90-100 pixels in their interior. ROI displacements due to physical shift of the phantom between scans or differences in geometric distortion due to different scan protocols were considered negligible and within the interior margin as defined above. Finally, the data point for the ROI was defined as the average signal over these interior pixels. These data points were collected and then analyzed as a function of inversion times (IR) or flip angles (VFA) to provide a measurement of T1 associated with the T1 sample.

Signal saturation
The DICOM images analyzed in the course of this work were stored as 12-bit integers, meaning that pixel values could take on any integer between 0 and 4095. The VFA protocol specified that a pre-scan be conducted at a 15-degree flip angle. Gain settings determined by this pre-scan were then fixed for all flip angles within the experiment. Similarly, for the IR protocol, a full pre-scan was completed for the longest inversion time, and then the gain settings determined by this pre-scan were fixed for the remaining inversion times in the experiment. T1 manifests as an exponential decay in MRI signal, and the estimation of T1 from data is relatively insensitive to overall signal magnitude. However, we did encounter a problem with signal saturation in the IR data, which we discuss below.

T1 inversion
For a given T1 sample, data points are collected and a T1 measurement results from the analysis of these values as a function of inversion time or flip angle ( or  respectively). Much has been written about the inverse problem of estimating T1 from MRI signal value. For completeness, we include a summary of our analysis formalism here.

In inversion recovery experiments the measured MRI signal as a function of inversion time can be modeled by

Here is the data point at the -th inversion time, T1 is the desired longitudinal decay time,  is the magnitude of the magnetization signal within the ROI,  is related to the success in inverting all spins in the initial 180 pulse, and  represents measurement noise. The 10 inversion times, , for the IR experiments are listed in Table 2The parameters T1, , and  are unknown and need to be estimated. Non-linear least squares is a natural approach. However, the absolute value in the IR signal model entails a loss of differentiability at measurement points where the signal is near zero. To avoid this, we modified the objective and solved the following, smoothed non-linear least squares problem to estimate T1, , and :

This problem is smooth, and it can be solved via Newton iteration given a reasonable initial guess. We found this initial guess by brute force search over a dense grid in three-dimensional parameter space. Through extensive numerical experiments, we determined that the differences between solving the smoothed least-squares problem and the original (non-smooth) problem involving the absolute value are minimal. 

The analysis of VFA data proceeds along similar lines. In this case, the measured MRI signal is modeled as a function of flip-angle

where  is a fixed experimental parameter,  is measurement noise, and  represents signal strength for the T1 sample(20). The seven flip-angles for the VFA measurements, , are shown in Table 2. Once again, estimates of T1 and  are determined by non-linear least squares minimizing the sum: 



The T1 measurements from IR and VFA scans are compared to measured reference values obtained by NIST’s MRI Biomarker Measurement Service based on NMR(21,22). Discrepancies between MRI measurements and these reference values are discussed below.

RESULTS
Following upgrade, both the VFA and IR methods demonstrated markedly different results than the original measurements. T1 measured by VFA post-upgrade had a similar spread in error (25 %) compared to original measurements, but there was a definite shift in error distributed around zero to error around +18 % (Fig. 2). Error in T1 measured by IR was originally only +/- 5 % for T1 > 50 ms, while post-upgrade the range of errors increased to +/- 10 % (Fig. 3). Notably, post-upgrade IR measurements both over- and under-estimated T1.

Upon closer examination of the images from the IR experiment, we determined that certain voxels were fully saturated, i.e. in the available DICOM range from 0 to 4095. This was true also for the averaged voxels in an ROI. The results without correcting for the saturation are shown in Supplementary Material Fig. 1, and example IR model fits to the data are shown in Supplementary Material Fig. 2. Of a potential 140 data points (14 spheres with 10 TIs), the maximum number of saturated data points, 31-42, occurred immediately following upgrade, and no data points were saturated in the original measurements (Table 1).

Over the two years post-upgrade, on fewer than five occasions the daily QA protocol did not pass at first; however, after disconnecting and reconnecting the coil plugs, the daily QA protocol passed on the second attempt. Once during this study, the daily QA protocol identified the failure of one coil channel, and the vendor replaced the 32-channel head coil. The weekly QA protocol on the 32-channel head coil and the annual QA protocol on the 20-channel head coil always passed.

At each MR system phantom scan session, temperature increased by 0.7 +/- 0.2 C on average with the original system configuration (start 20.7 +/- 0.4 C, end 21.4 +/- 0.2 C) and 0.3 +/- 0.0 C on average after upgrade (start 20.7 +/- 0.7 C, end 21.0 +/- 0.7 C).

DISCUSSION
We designed a study to look for changes from immediately pre- to immediately post-upgrade. Following upgrade and for two years post-upgrade, this system passed the vendor recommended QA protocols; however, that QA was insufficient to control for potential sources of substantial error in quantitative MRI methods. 

Post-upgrade VFA measurements of T1 show a pronounced overestimation error compared to the NMR reference values. The current study did not include a (spatially-dependent) correction for B1 error, whereas T1 measurements using VFA are known to be sensitive to such variations(23). The results shown in (23), confirmed by a comparable sensitivity analysis executed by us, reveals that it is reasonable to assume that the relative error in T1 can exceed twice the relative error in B1, in equations

Assuming even modest values of 5% relative error in B1 would thereby introduce a 10% relative error (or greater) in T1. In other words, including errorbars on the VFA measurements to account for B1 uncertainty would result in accuracy differences pre- and post-upgrade that, while substantial, are nevertheless statistically consistent. While such an explanation may be unsatisfying, it is a consequence of the measurement technique and therefore needs to be pointed out. In a different study measuring T1 using B1-corrected VFA, a bias was observed in a single human subject when comparing measurements obtain prior to (n=1) and following a software upgrade (n=4)(1). The authors state that the resulting bias was small, but consistent (over the short duration of the study), similar to that observed in this study over short and long durations following upgrade. 

Following upgrade, and not in the original measurements, there was signal saturation in the IR data. The saturation was not immediately apparent, and we discovered it only with quantitative examination for regions with high signal and low standard deviation of the signal. In the IR protocol, one expects large signal values at both short and long inversion times (depending on the T1 of the material being measured), which made this incorrect signal saturation more difficult to discover. The number of saturated data points varied with the acquisition conditions (e.g. software and hardware); however, the measurements acquired in this study are insufficient to identify the cause of the issue.

There are many possible causes of the IR error post-upgrade, including: operator error, coil deficiencies, imperfect 180 pulses, thermal effects, or improper conversion of information. While the data acquired in this study is insufficient to fully diagnose these issues, we can evaluate the likelihood of some of these issues. The same protocol was used across all measurements; however, a different operator completed the original system and immediately post-upgrade measurements than the subsequent post-upgrade measurements (following October 2016). Changing the operator is a potential source of error; though the protocol used here has been used in previous studies in which results were robust to operator variation. Based on our assessment of various coils, another potential source of error is the immediate post-upgrade head coil (Coil A) receive pathway: testing alternate head coils (Coil B and C) decreased the number of saturated data points. However, we cannot state that Coil A was the sole source of the error, because measurements 7.5 months post-upgrade with Coil A also had fewer saturated data points. Immediately post-upgrade, the IR measurement was affected more than the VFA measurement, which could suggest imperfect 180 degree pulses as a source of error. However, if the 180 degree pulses were imperfect, it should not improve when using the body coil to receive, since the body coil was used to transmit in both cases. Temperature variation across the T1 measurements both on the original system and post-upgrade was less than one degree Celsius, and therefore temperature is not an expected source of error. The saturated data points could be an indication that there is an improper conversion of data, e.g. into the DICOM format, and information is lost. Finally, it is possible that the errors in IR measurement were due to a combination of factors.

Recommendations for quantitative QA protocol schedules vary considerably. The fBIRN study used weekly testing(2). Based on their work, Ihalainen et al. suggest annual testing of quantitative parameters would be sufficient. However, over the six months of the study, there were no equipment changes(10). The ADNI guidelines shifted from one phantom QA scan with every patient scan to requiring QA only for site qualification and following any hardware or software change(3,13). We found errors and measurement variation immediately post-upgrade through to two years post-upgrade, which could be the result of hardware and software upgrades and repairs. From the service logs, we know that there was a software update between the 6.5 months post- and 7.5 months post-upgrade scan sessions; however, we do not know what the update addressed. In addition, at 13 months post-upgrade, the RF transmitter box and power supply and an RF coil plug were replaced. Without measurements immediately following the software and hardware changes, we do not know how each of these impacted the T1 measurements on the system.

The study would be improved if certain limitations are addressed. We had a limited amount of data to include due to constraints on our access to the system, which impacted our ability to interpret the results. Also, we could not explore any dependence of these results on spatial position within the coil. Similarly, the lack of B1 maps in the QA protocol is a limitation; though we did perform a sensitivity analysis to address this limitation. Finally, rather than perform our quantitative QA procedure at regular intervals, we had to rely on the QA procedures already in place at the site. 

In conclusion, we found errors in quantitative T1 measurements following upgrade on a system that passed the vendor-recommended weekly QA tests. We’ve demonstrated high variability in T1 measurement; however, without regular measurement, we don’t know why the IR results changed longitudinally even with the same hardware. To improve on this study, we would make systematic, quantitative T1 measurements on the original and post-upgrade systems, e.g. at monthly intervals and also following any hardware or software change. Without measurements at regular intervals (e.g. monthly) and possibly without additional tests, the data available is sufficient to identify an issue, but insufficient to determine the problem. 
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TABLES

Table 1: Summary of original system and post-upgrade scan sessions
	Scan Date(s)
	Measurements
	Coil
	Saturated IR data points (out of possible 140)

	2016-03-21
2016-03-22
2016-03-24
	T1 IR, VFA
	12-channel original
	0
0
0

	2016-06-08
2016-06-09
2016-06-10
	T1 IR, VFA
	20-channel post-upgrade Coil A
	31
42
42

	2016-10-11
	T1 IR, VFA
T1 VFA
	Body coil
20-channel post-upgrade Coil A
	23
not applicable

	2016-12-30
	T1 IR, VFA
	20-channel post-upgrade Coil B
Body coil
	4
25

	2017-01-25
	T1 IR, VFA
	20-channel post-upgrade Coil A
20-channel post-upgrade Coil C
	15
4

	2018-06-06
	T1 IR, VFA
	20-channel post-upgrade Coil A
	19






Table 2: T1 measurement protocol
	
	Inversion Recovery
	Variable Flip Angle

	Sequence
	Fast, SE-IR, 2D
	Fast, SPGR, 3D

	Scan Plane
	Coronal
	Coronal

	Thickness (mm)
	6.0
	3.0

	TR (ms)
	4500
	~ 6.6

	TE (ms)
	~ 7 (minimum full)
	Minimum: 1.5-2.5

	Flip Angle (deg)
	90
	2, 5, 10, 15, 20, 25, 30

	Inversion Times (ms)
	35, 75, 100, 125, 150, 250, 1000, 1500, 2000, 3000
	Note: Prescan on FA=15, no subsequent gain changes

	Averages
	1
	4

	Echo Train Length
	6
	1

	Pixel Size
	0.98 mm x 0.98 mm
	0.98 mm x 0.98 mm






FIGURE CAPTIONS

Figure 1: Photo of an ISMRM/NIST system phantom prototype being positioned in a head coil (a). The T1 relaxation times and locations of the samples in the ISMRM/NIST system phantom T1 array are shown (b).

Figure 2: Variable Flip Angle (VFA) measurement of T1 relaxation time on the original and post-upgrade systems. Following upgrade, VFA overestimates the T1 compared to the original measurements. Post-upgrade measurements were completed using three different head coils (Coils A-C) and the body coil.

Figure 3: When the saturated signal points were removed, the IR measurement of T1 relaxation time post-upgrade was closer to the known NMR value. The signal was too low to perform a fit for the 2016-03-21, sphere 13 data point.
