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Abstract
Cerebral vascular disease is responsible for nearly 800 000 hospital admissions annually with a total healthcare cost of $34 billion. Neuro-interventional surgery is at the forefront of fast-response assessment and intervention to assess patients’ health using digital subtraction angiography (DSA). Unfortunately, cerebral blood flow cannot be reliably measured with DSA during intervention. In this study, we introduced a novel inversion-based method to quantify blood flow from DSA intensity profiles. This technique yields absolute volumetric flow rates in major cerebral arteries comparable in accuracy to QMRA measurements. This remarkable outcome was achieved by incorporating patient-specific anatomical data as well as flow physics into the image analysis. The inversion-based flow assessment is a promising approach to render absolute flow measurements with traditional DSA. We also discuss the precision of several methods for assessing cerebral blood flow before and after intervention in DSA were investigated. Angiographic intensity data in four patients with cerebral vascular diseases were analyzed to compute time-to-peak index (TTPi) and relative cerebral angiographic blood flow index (RCABi). Flow indices were compared with quantitative magnetic resonance angiography acquired pre- and post-intervention. The results suggest that individual intensitybased flow indices do not always reflect blood flow improvements after intervention; twodimensional index maps showed the improvements more robustly.
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Introduction

Digital subtraction angiography (DSA) is the preferred technique in immediate assessment of blood flow for patients with cerebral vascular diseases during neurovascular intervention. 1-5 However, assessment of vascular status in a given patient currently depends on the physicians’ intuitive judgment of dynamic contrast agent distribution patterns observed with DSA. Current DSA technology does not display volumetric blood flow rates. Flow in major cerebral blood vessels can be measured with other non-invasive imaging modalities including quantitative magnetic resonance angiography (QMRA), 6,7 Xenon-enhanced cerebral tomography, 8 singlephoton emission computed tomography, 9,10 or transcranial Doppler sonography. 11 Moreover, perfusion studies in computed tomography, magnetic resonance imaging and positron emission tomography12 enable clinical measurements of microcirculation. However, these advanced imaging modalities are not available during surgery due to space requirements of the scanners. Some procedures are further limited by acceptable radiation dosage and unavailability of these techniques in smaller hospitals. Some studies13-15 have also cast doubt on perfusion methods for identifying infarct regions, because they involve image interpretation with respect to arbitrary mismatch thresholds.

Recently, increased acquisition rate in combination with de convolution analysis are beginning to provide metrics of cerebral blood flow, cerebral blood volume and mean transit time using DSA with dual panel detectors. 16-18 Especially, absolute blood flow quantification Page 22 in large vessels would be significant to improve the diagnostic capability of DSA. Precise blood flow metrics would help the neuro-interventionalist in defining end Points for the intervention. Blood flow metrics in addition to contrast agent distribution patterns would also ease physicians’ decision making during interventional procedures.

Accordingly, there is considerable research interest in quantifying blood flow with conventional DSA. Waechter19,20 used model-based waveform analysis of the pixel intensity. Tenjin 21 correlated mean transit time and peak time to blood flow. Kamp22 performed indo-cyanine green fluorescence angiography during surgery to correlate intensity-time plots to relative blood flow on exposed cortical surfaces. Lieber 23 performed micro droplet angiography during selective catheterization to access flow within arteriovenous malformations. Other analytical methods interpret slopes and extremes of the intensity profiles for flow analysis.24-26 Inversion-based methods use parameter estimation to infer volumetric blood flow rates. 27-29 In an extensive review on blood flow estimation, 30 inversion was assessed as the most rigorous technique, but also deemed computationally extensive.

In this paper, we first evaluate the consistency and precision of two intensity-based metrics: (i) the relative cerebral angiographic blood flow index (RCABi) and (ii) the time-to-peak index (TTPi). We use four clinical symptomatic arterial steno-occlusive disease cases studies to examine the benefits and limitations of simple flow metrics at baseline and post angioplasty and stenting. We compare flow estimates to volumetric flow rates acquired in vivo for all patients with baseline and post intervention QMRA. We further propose a new inversion technique for blood flow quantification with conventional DSA. The novel technique determines the volumetric flow rates in major arteries by perfectly aligning the DSA concentration profiles measured in vivo with computer predictions performed on a patient-specific blood flow network. We show that DSA absolute blood flow measurements almost reach QMRA accuracy.

Materials And Methods

A. DSA acquisition of four patients pre and post intervention Four patients with steno-occlusive disease were studied. All patients had symptomatic intracranial stenosis that requires angioplasty and stenting intervention. Standard diagnostic DSA data were acquired for all four patients 1-4, before and after intervention from the practice of the Endovascular Section - Department of Neurosurgery at our institution in accordance with Institutional Review Board approved protocols. Age, gender, disease diagnosis, and blood flow assessment of these patient cases can be found in Table 1. All patients had baseline and post-intervention angiograms. Contrast agent was injected into the patients’ internal carotid artery (ICA) in patients 2-4, and into the venous graft supplying the ICA territory for patient-1. In all four cases, there was evidence of diminished intracranial flow in the middle cerebral artery (MCA) as documented by QMRA. DSA data with three frames per second were collected before and after intervention (Leonardo, Siemens; Malvern PA).

Dynamic contrast agent distribution was acquired by performing a typical bolus injection in the injected artery. The vasculature of the main arterial network was captured from images taken after constant infusion. DSA images were acquired and stored in DICOM format.

B. Intensity-based flow indices DSA intensity plots were analyzed with regards to the change in time-to-peak and peak intensity. The relative cerebral angiographic blood flow index (RCABi) was defined as the ratio of the maximum intensity over the rise rate in selected vessels of interest. The rise rate was defined as the time needed for the intensity profile to reach maximum from 25% level of the maximum intensity. The time-to-peak index (TTPi) for a pixel inside an artery was defined as the time needed for the intensity to reach its maximum. We selected individual pixels in vessels of interest to calculate RCABi and TTPi. We also generated two-dimensional maps after computing the RCABi and TTPi for all pixels of the two DSA projection planes. The pixel-by-pixel analyses as well as the two-dimensional maps were generated for both the pre- and post-interventional angiography data.

C. Patient MRI acquisition To set an independent gold standard for blood flow in major arterie, we acquired cervical and intracranial vessels quantitative MRA non-invasive optimal vessel analysis (QMRA NOV A, Vas Sol Inc. River Forest, IL) measurements before and after intervention. The details of obtaining a QMRA NOV A report are reported elsewhere. 6,7 NOV A reports were used as the gold standard and reference to validate flow indices. QMRA measurement was limited to the major branches of the Circle of Willis and proximal branches; small arteries are not accessible to NOV A due to limited MR image resolution.

D. Flow calculation from DSA by image inversion We propose a novel method to estimate volumetric blood flow rates from DSA images. To uniquely determine blood flow by indirect observation of the contrast agent distribution in space and time, we solved a parameter estimation problem that minimizes the difference between DSA contrast agents intensity and contrast agent profiles simulated for the anatomical hemodynamic network of each patient. The inclusion of anatomical information and flow physics will be shown to be advantageous for accurate blood flow predictions. Parameter estimation, also known as inversion, constitutes a non-linear optimization problem with objective function given in (1) subject to partial differential equation constraints (2-4) The inversion requires three components: (i) intensity plots (ii) an anatomical vascular network model (iii) hemodynamics and an inversion algorithm.

Page 23 (i) Intensity Plots: Several regions of interest were chosen corresponding to the major arteries connected to the Circle of Willis. Although the method has no such limitation, DSA infusions are often performed only on one side of the patient. In our cases, three patients were injected in the right hemisphere, only patient-1 was infused in the left hemisphere. The image intensities were obtained from the respective DSA frames with the chosen locations in the infused hemisphere. We selected areas of interest including pixels located inside the internal carotid arteries (ICA), middle cerebral arteries (MCA), anterior cerebral arteries (ACA), posterior cerebral arteries (PCA), posterior communicating arteries (PCOM), basilar artery (BA), and anterior communicating artery (ACOM) as shown in Figure 5A.

(ii) An anatomical vascular network model: To relate blood flow and contrast agent intensity distribution acquired with DSA, a computational model of blood flow and dynamic contrast agent convection was established using the patient-specific anatomical network of the cerebral vasculature. We generated a morphologically accurate computer model of the main cerebral arteries emerging from the patients’ Circle of Willis. Due to the unilateral contrast injection used in clinical practice, our model captured only the injected hemisphere. 3D rotational angiography data obtained in patients were used for reconstructing a network model in which each blood vessel was represented by a cylindrical segment of known length and diameter. A stack of 508 DSA images with a resolution of 512×512 were segmented by manually chosen thresholds for reconstructing blood vessel surfaces with the marching cubes algorithm. 31 The center lines of segmented vessels and their diameters were delineated using vascular modeling toolkit. 32 Due to limited image resolution, only the main cerebral arteries (above a diameter of d>1 mm) could be reliably reconstructed. Accordingly, the major blood vessels of the right hemisphere of patient-2 and patient-4 were reconstructed.

(iii) Hemodynamics and inversion algorithm: We carefully incorporated patient-specific data such as diameters and segment length of the main arteries around the Circle of Willis into the blood flow network model. Hemodynamic computations were based on simple network flow models described previously by other authors, ignoring the effects of oscillatory wave propagation and reflection.33,34 In brief, continuity was applied as shown in (2), where F is the blood flow. Pressure drop was approximated using Poiseuille’s law given in (3), where d, A and L are the diameter, cross sectional area and length of a vascular segment, ΔP is pressure drop, μ is the apparent blood viscosity. This simple hemodynamic network model composed of cylindrical segments was also used to predict convection of a non-dilutable contrast agent as given in (4). The dynamic concentration profiles for contrast injected into the patient cerebral arteries were computed by the species conservation balance, where V is the volume of a small vascular segment, and C is its contrast agent concentration. Inversion with hemodynamic principles as side conditions was performed to compute the specific blood flows and pressures that best aligned the measured concentration profiles with predicted profiles. The objective function was minimized by adjusting the pressure boundary conditions at the internal carotid artery and peripheral arterial terminal vessels of interest to achieve the best match between the contrast concentration profiles. Specifically, concentration profiles were extracted from the RICA, RMCA, RACA, and LACA for patient-2. In patient-4, RICA, RMCA, and RACA concentration profiles were used in the inversion.

Results

The results are presented according to the hierarchy displayed in Figure 1. We first present the intensity-based indices. These indices are compared with flow measurement from QMRA.

Finally we show the results of the novel inversion technique to estimate absolute blood flow with conventional DSA.

DSA intensity-based flow indices Patient-1 was treated initially for a giant right ophthalmic ICA segment aneurysm with ICA sacrifice and extracranialintracranial venous graft bypass. The vein graft developed progressive stenosis, with compromise of left MCA flow. The arteries of interest were LMCA, LACA, and LACA2. All results are shown in Table 1. Before intervention, the time-to-peak indices were determined to be TTPi=2.94±0.61, 2.52±0.54, and 3.36±0.33, the relative cerebral blood flow indices were RCABi= 0.20±0.04, 0.15±0.04, and 0.12±0.03. Post angioplasty and stenting of the stenotic venous graft, the TTPi was determined to be 1.14±0.13, 1.15±0.14, and 1.50±0.01, the RCABi was 0.45±0.09, 0.35±0.04, and 0.32±0.06. Decrease in the TTPi and increase in the RCABi clearly indicate the improvement of blood flow. The relative change of TTPi in LMCA, LACA, and LACA2 were 61%, 55%, and 54%. The relative change of RCABi in LMCA, LACA, and LACA2 were 56%, 57%, and 63%. The absolute flow change in QMRA in LMCA and LACA were 40% and 35%. LACA2 measurement was not available in post-treatment QMRA. Table 1 summarized the intensity-based flow indices in various locations of interest for all four patients before and after intervention. In all four cases, the neurovascular intervention improved blood supply to the patients’ compromised cerebral hemispheres. We further computed the statistical (1) (2) (3) (4)

Page 24 Patient 1 Patient 2 Patient 3 Patient 4

Age 67 48 45 43 Gender Female Female Male Female Diagnosis Vein graft stenosis RICA stenosis RICA stenosis RICA stenosis QMRA (mL/min)

ICA(Pre/Post) --/-- 93/289 --/275 94/205 MCA(Pre/Post) -34/-57 58/157 57/215 58/175 ACA(Pre/Post) 58/89 23/105 -12/133 14/49

ACA2(Pre/Post) 44/-- 35/68 43/104 20/47 TTPi (s)

ICA(Pre/Post) --/-- 2.58/1.50 1.80/0.72 1.02/0.66 MCA(Pre/Post) 2.94/1.14 3.12/1.86 1.86/1.14 0.90/0.84 ACA(Pre/Post) 2.52/1.14 3.18/1.74 2.25/1.98 1.23/0.96

ACA2(Pre/Post) 3.36/1.50 2.94/1.68 1.65/1.50 0.98/0.78 RCABi (s)

ICA(Pre/Post) --/-- 0.24/0.36 0.57/0.80 0.34/0.84 MCA(Pre/Post) 0.20/0.45 0.13/0.17 0.47/0.42 0.14/0.26 ACA(Pre/Post) 0.15/0.35 0.14/0.20 0.43/0.47 0.37/0.33

ACA2(Pre/Post) 0.12/0.32 0.15/0.46 0.41/0.39 0.18/0.14 Inversion (mL/min)

ICA(Post) -- 263.6±2.6* -- 182.9±6.1* MCA(Post) -- 168.5±4.0* -- 136.6±6.0* ACA(Post) -- 56.5±2.5* -- 50.1±6.2*

The QMRA NOVA flow measurement has the unit of mL/min, --stands for unavailable, - sign indicates reversed flow. * Stands for 99% confidence region.

Table 1. Patient case description.

Figure 1. Schematic of various modes of blood flow assessment using different imaging modalities. (Top) Simple flow indices can be derived by DSA images but only shows relative changes. (Middle) Absolute volumetric blood flow rates can be acquired by performing quantitative MRA, which is not available in the interventional setting.

(Bottom) The novel inversion technique presented in this paper integrates DSA intensity profiles with anatomical information to predict measure volumetric blood flow rates with reasonable speed and accuracy. Red vessels indicate the major vessels observed from DSA reconstruction in the infused hemisphere, gray vessels indicate the unobservable vessel in the contra-lateral hemisphere.

agreement between blood flow and intensity-based indices as shown in Figure 2. For this purpose, we plotted on the x-axis the measured QMRA flow rate and on the y-axis the RCABi and the inverse of the TTPi at the same artery. Because flow measurements were available for four arteries, multiple data points were available for comparison. We also performed linear regression to correlate intensity-based indices against QMRAbased blood flow.

Rcabi And Ttpi For Intervention Assessment

The scatter plots in Figure 2 show trends, which seem to support the notion that higher RCABi are associated with higher blood flow as expected. However, a closer look at Figure 3B demonstrates individual pixels that disagree with the flow improvements. When plotting the blood flow changes before and after intervention trends with QMRA and RCABi, it can be seen that an increase in blood flow detected by QMRA is not even qualitatively captured by the corresponding RCABi in the MCA. Accordingly, a local RCABi in the RACA erroneously suggests a blood flow decrease, when in fact it has increased. On the other hand, the trends of Figure 3B show no inconsistencies in the inferred blood flow changes with TTPi. The TTPi reflected correctly improved blood flow in all four cases. Flow indices shown in Figure 2 are in agreement with the general trend of flow improvement after surgical intervention. However, the lack of fit underscores the limitations of these simple indices as quantitative blood flow metrics. The low R 2-value in the scatter plots (RCABi: R 2=0.25, 0.19, 0.50, 0.68; TTPi: R 2=0.55, 0.56, 0.34, 0.11) reflects only a weak correlation between indices and absolute volumetric flow rates.

Two-dimensional TTPi and RCABi maps were also generated for coronal planes as shown in Figure 3A. Recently, similar maps are being offered as upgrades to existing angiography suite software. The two-dimensional plots show color patches reflecting the improved blood flow after interventions. In all Figure 3: Pre- and post- treatment intensity-based flow indices. (A) Two-dimensional flow maps showing an overall decrease in TTPi and increase in RCABi suggesting an improvement of blood flow after intervention. The success of the treatment effect can be observed based on flow indices derived from the dynamic DSA intensity profiles. These indices can act as quantitative references to facilitate physicians’ optical observation. (B) Individual flow indices correctly reflect a general trend to flow increase post treatment. Unfortunately, several local pixels for patient-3 and patient-4 show the complete opposite trend (flow decrease) after intervention. When assessing interventional outcomes based on simple flow indices caution is indicated, because inconsistencies cannot be avoided due to limitations in the data acquisition in conventional DSA.

Figure 2. Scatter plot of inversion-based flow indices against QMRA flow measurement. Left: RCABi against flow shows overall increase of RCABi indicates faster flow rates. Right: TTPi against flow shows overall decrease of TTPi indicates faster flow rates. Multiple measurements for numerous blood vessels were available for each patient for better comparison.

Page 25 patients, the intensity based maps properly indicate successful intervention. Overall, the RCABi map of patient-3 shows improved blood flow even though the RCABi values for several individual pixels contradict the trend. The two-dimensional RCABi and TTPi map appear to be more robust than single pixel indices, because the spatial normalization eliminates individual outliers leading to more robust “integral” snapshot of the blood flow pattern compared the “local” RCABi and TTPi.

Thus, intensity-based maps are better suited for the assessment of interventional outcomes. Yet, even the maps cannot render absolute blood flow rates in individual vessels.

Flow Inversion from Reconstructed DSA

We also estimated blood flow rates in patient-2 and patient-4 using a novel inversion technique for DSA images. Measured contrast concentration profiles were compared to the simulated trajectories to obtain blood pressure and volumetric flow rates. During an iterative procedure, the inversion model chooses suitable inlet pressures, which in turn affects the flow rates, as well as the dynamically simulated contrast agent intensity profiles throughout the network. The boundary pressures and indirectly the flow rates that lead to the best alignment between the simulated contrast agent concentration profiles with the measured intensity profiles from DSA are deemed the optimal solution. The optimal solution minimizes the objective function in (1) which is the difference between measured and simulated contrast agent profiles. We assumed a linear relationship between intensity and contrast agent concentrations. The side conditions include the continuity in (2), pressure drop according to Hagen Poiseuille law in (3) and the dynamics of contrast agent distribution by blood advection in (4). The information flow of the inversion model is shown in Figure 4. The problem of minimizing (1) subject to (2-4) is a non-linear mathematical program (NLP) with partial differential constraints. We solved the NLP after time discretization with a one-step implicit Euler method with step size t=100 ms with genetic algorithm (GA) optimizer in MATLAB, details on GA optimizer can be found elsewhere.35 Optimization parameters were set to population size=1000, number of iterations=500. Typical computation time for the inversion model did not exceed 20 CPU seconds on an Intel Core2Duo E8400. The intensities for the optimization were taken from the arterial phase only, background noise was filtered by subtracting the intensity of a contra-lateral hemisphere, and the area under the curve of the intensity was normalized to a unity. The final solution with the best match between the concentration profiles yields the desired volumetric flow rates. The pressure drops and the simulated concentrations profiles are simultaneous outcomes of the inversion procedure.

Optimal Flow From Inversion Of The Intensity Profiles

For the inversion of the contrast agent profiles, the inlet contrast concentration was set equal to the actual contrast infusion profile acquired at the first segment of the ICA. The optimal solution of flow rates from inversion are shown in Figure 5C, 5D and compared well with the QMRA measurements. The optimal flow rates were independent of the initial guesses for the unknown pressures and flows during the inversion. Figure 5B also shows Figure 4. Information flow for novel inversion technique for estimating cerebral blood flow in large arteries with fractional DSA. The inversion consists in solving a non-linear optimization problem which minimizes the difference between measured and simulated intensity profiles. The optimal solution determines the flow rates and pressures that give the best alignment between measurements and model B. Intensity profiles are extracted from DSA images (top). Anatomical information about the patient-specific network of main cerebral arteries is derived from medical images (middle). Flow results from inversion of the DSA images. The red gradient color bar indicates the volumetric flow rates; vessels in white are unavailable from DSA reconstruction (bottom).

Page 26 the intensity profiles in simulation and actual DSA data sets in good qualitative and quantitative agreement. The absolute volumetric flow rates were computed by inversion as 263.6 mL/ min in the RICA, 168.5 in the RMCA, 56.5 in the RACA, and 38.5 in the LACA. Compared to NOV A, there are only small differences: 2.7% in the RICA, 8.9% in the RMCA, 23.2% in the RACA, and 9.5% in the LACA. The inversion model renders the desired flow rate estimates. It implicitly performs smoothing of the noisy contrast agent intensity data based on fluid dynamic principles. Incorporation of flow physical principles into the noise reduction seems advantageous when compared to uninformed data fitting used in conventional deconvolution.

Confidence Regions of Flow Estimation

We also computed the individual confidence intervals to assess the reliability of the flow estimation. Independent confidence intervals for confidence level of 99% were calculated based on the covariance method described in. 36 The covariance method requires the sensitivity information; the elements of the Jacobian matrix were computed numerically by repeated simulations with small changes to the flow rates in (5-7) with n is the number of observations, p is the number of parameters, V the covariance matrix, σ the individual variances, ε is the vector of concentration differences between the measurement and the model prediction with t as the student t-value. We computed for four different flow rates with eighty observations, and using 2.63 as t-value with 99% confidence. The final estimate for the blood flow in the RICA was 263.6±2.6 ml/min, 168.5±4.0 in the RMCA, 56.5±2.5 in the RACA, and 38.5±4.8 in the LACA, indicated as error bars in Figure 5C. We also reconstructed an anatomical network for the main arteries connected to the right hemisphere of the Circle of Willis for patient-4 and conducted flow measurements with the inversion technique described above. The flow estimation for patient-4 gave absolute volumetric flow rates of 182.9±6.1 mL/min in the RICA, 136.6±6.0 in the RMCA and 50.1±6.2 in the RACA as shown in Figure 5D. In comparison to the QMRA measurement were 205 mL/min, 175, and 49, respectively.

The differences between flow rates acquired with inversion of traditional DSA and QMRA were smaller than 25%.

Discussion

Intensity-based indices are appealing for the clinical practice especially during the interventional setting due to their ease of use. In this paper, two intensity-based angiographic indices, time-to-peak (TTPi) and relative cerebral angiographic blood flow index (RCABi) were investigated in four patients requiring neurovascular interventions. In all cases, improvements after neurovascular intervention were correctly detected by the TTPi. The RCABi analysis of two patients failed to reflect the correct trend. Such mismatches would not be acceptable for clinical outcome evaluations. We conclude that caution must be exercised when using angiographic intensity-based indices even for qualitative outcome assessment of neurosurgical Figure 5. Flow estimation from inversion-based model. A. An anatomical network model of the main blood arteries in the right hemisphere was reconstructed from constant infusion DSA and used for the hemodynamic computations into contrast advection during the inversion procedure. Red labels and vessels indicate positions examined in patient-4, grey labels and vessels mark other anatomical areas. B. Intensity profiles extracted from DSA at the RICA, RMCA, RACA, and LACA (dots) used in the inversion-base flow rate assessment. Crude intensity data were considered during the arterial phase, background was subtracted and the area under the curve for each intensity plot was normalized to unity. Solid lines show the simulated intensity profiles of the optimal solution. The good alignment between the two curves supports the validity of the flow estimation. C. The flow estimation with the novel inversion technique compared to the golden standard of QMRA for patient-2. Flow estimation from inversion-based model in vessels of interest is within 25% difference of QMRA. D. The flow estimation with the novel inversion technique compared to the golden standard of QMRA for patient-4. Flow estimation from inversion-based model in vessels of interest lies within 25% of the QMRA value. (6) (7) (5) Page 27 interventions.

In addition, the quantitative correlation between intensity-based indices and absolute blood through individual arteries was found to be weak (R 2<0.7). The imprecision is due to the low acquisition rate of DSA, the overlap of intensity in the angiographic projection planes, secondary injection of contrast agent, and attenuation of intensity through bony structures. The degree of variability and uncertainty is also a function of the patient-specific flow patterns. The use of these indices is reasonable as indirect assessment of relative change in blood flow post intervention (angioplasty, stenting, infusion of vasodilators, dural fistula or arteriovenous embolization), while the patient is still in the angiography suite. Especially the blood flow assessment for patients with flow reversal may be susceptible to incorrect trends as was the case in patient-3.

Two-dimensional TTPi and RCABi maps were found to be more robust than point measurements. The comparison of maps pre- and post- intervention reflected correctly the qualitative improvement in all four cases. The apparent improved reliability of two-dimensional index maps over the local indices can be attributed to the spatially integral character of the map. The spatially distributed RCABi or TTPi fields better reflects the global flow pattern, and appears less sensitive to errors than local indices evaluated for individual pixels. However, even flow index maps also do not render absolute volumetric flow rates.

To overcome the limitation of quantifying blood flow in conventional DSA, we presented a novel inversion technique that incorporates patient-specific anatomy in the image analysis. In two patients, DSA based blood flow measurement were demonstrated using an anatomically consistent hemodynamic model around the main arteries in the injected hemisphere.

Using this patient-specific blood flow network and measured intensity plots from DSA as input, the inversion technique yielded absolute blood flow estimates within 25% of the QMRA NOV A measurements. Computation time needed for inverting the concentration profile were less than 20 seconds which shows that the inversion-based absolute flow estimation can be solved in real-time.

Unavoidable measurement error is attributable to the intensity overlap in the DSA projections, and noise during image acquisition. There is also mismatch between actual injection dynamics causing complex mixing patterns and the simplified flow assumptions used for the inversion. Fast contrast infusion creates a jet which carries the contrast agent initially much faster than shortly afterwards when the blood flow returns to normal. In DSA with limited frame acquisition rate, the rapid initial contrast agent ejection is an unavoidable source of error especially close to the injection site.

For building the hemodynamic model, patient-specific DSA images after constant infusion into one hemisphere were available in this study. The lack of observations for the contralateral side is expected to affect the estimation error. To quantify the effect of this error, we also built a complete intracranial vasculature model from patient-specific MRA images to perform the same flow estimation by inversion of a complete Circle of Willis and bilateral main cerebral arteries. The inversion result was within 20% of the QMRA results. The results from complete network inversion differed by only 5% from the hemispherical predictions. This preliminary study demonstrates the feasibility of acquiring absolute blood flow rates in large arteries with conventional DSA with an inversion technique that incorporates anatomical details in the image analysis of dynamic contrast profiles.

Conclusions

DSA is an established technique for hemodynamic assessment in an emergency clinical setting, which currently lacks volumetric blood flow rate estimation to ascertain the effectiveness of the neurovascular intervention. The limitations of two intensitybased flow indices for neurovascular intervention assessment were highlighted. Two-dimensional maps based on intensitybased indices were found more robust against misinterpretation.

A novel inversion technique to measure absolute flow in major arteries accounting for patient-specific anatomy in addition to DSA contrast agent profiles was introduced. The novel methods incorporated fluid mechanical and transport physics into the medical image analysis of DSA dynamic contrast data. The proposed inversion technique seems to give good flow estimates by smoothing the noisy image data according to hemodynamic principles. The combination of intensity profiles and patient-specific flow network is a promising approach to render absolute blood flow measurements with traditional DSA.

Acknowledgments

The authors would like to gratefully acknowledge NIH for their financial support of this project, NIH-5R21EB004956. No conflicts of interest were posed in the conduct of this research. CONFLICT OF INTEREST: None.

References

	GoASMozaffarianDRogerVL. Executive summary: heart disease and stroke statistics--2013 update: a report from the American Heart Association. Circulation. 2013; 127(1):143- 152. doi: 10.1161/CIR.0b013e318282ab8f van Rooij WJ, Sluzewski M, Slob MJ, Rinkel GJ. Predictive value of angiographic testing for tolerance to therapeutic occlusion of the carotid artery. AJNR Am J Neuroradiol. 2005; 26(1): 175-178. Web site. http://www.ajnr.org/content/26/1/175. long. Accessed April 14, 2016 Page 2810.1161/cir.0b013e318282ab8f https://doi.org/10.1161/cir.0b013e318282ab8f

	MacdonaldRLWallaceMCKestleJR. Role of angiography following aneurysm surgery. J neurosurg. 1993; 79(6): 826-832. Web site. http://thejns.org/doi/abs/10.3171/jns.1993.79.6.0826. Accessed April 14, 201610.3171/jns.1993.79.6.0826.accessed https://doi.org/10.3171/jns.1993.79.6.0826.accessed

	ChiangVLGailloudPMurphyKJRigamontiDTamargoRJ. Routine intraoperative angiography during aneurysm surgery. J neurosurg. 2002; 96(6): 988-992. Web site. http://thejns.org/doi/ abs/10.3171/jns.2002.96.6.0988. Accessed April 14, 201610.3171/jns.2002.96.6.0988.accessed https://doi.org/10.3171/jns.2002.96.6.0988.accessed

	TangGCawleyCMDionJEBarrowDL. Intraoperative angiography during aneurysm surgery: a prospective evaluation of efficacy. J neurosurg. 2002; 96(6): 993-999. Web site. http://thejns.org/doi/abs/10.3171/jns.2002.96.6.0993?url_ ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_ pub%3dpubmed. Accessed April 14, 201610.3171/jns.2002.96.6.0993?url_ https://doi.org/10.3171/jns.2002.96.6.0993?url_

	ZhaoMAmin-HanjaniSRulandSCurcioAPOstergrenLCharbelFT. Regional cerebral blood flow using quantitative MR angiography. AJNR Am J Neuroradiol. 2007; 28(8): 1470-1473. doi: 10.3174/ajnr.A058210.3174/ajnr.a0582 https://doi.org/10.3174/ajnr.a0582

	BauerAMAmin-HanjaniSAlarajACharbelFT. Quantitative magnetic resonance angiography in the evaluation of the subclavian steal syndrome: report of 5 patients. J Neuroimaging. 2009; 19(3): 250-252. doi: 10.1111/j.1552-6569.2008.00297.x10.1111/j.1552-6569.2008.00297.x https://doi.org/10.1111/j.1552-6569.2008.00297.x

	MallettBLVeallN. Investigation of cerebral blood-flow in hypertension, using radioactive-xenon inhalation and extracranial recording. Lancet. 1963; 281(7290): 1081-1082. doi: 10.1016/S0140-6736(63)92116-010.1016/s0140-6736(63)92116-0 https://doi.org/10.1016/s0140-6736(63)92116-0

	ChironCRaynaudCTzourioN. Regional cerebral blood flow by SPECT imaging in Sturge-Weber disease: an aid for diagnosis. J Neurol Neurosurg Psychiatry. 1989; 52(12): 1402-1409. Web site. http://jnnp.bmj.com/content/52/12/1402. long. Accessed April 14, 2016

	IidaHItohHNakazawaM. Quantitative mapping of regional cerebral blood flow using iodine-123-IMP and SPECT. J Nucl Med. 1994; 35(12): 2019-2030. Web site. http://jnm. snmjournals.org/content/35/12/2019.long. Accessed April 14, 2016

	DemirkayaSUlucKBekSVuralO. Normal blood flow velocities of basal cerebral arteries decrease with advancing age: a transcranial Doppler sonography study. Tohoku J Exp Med. 2008; 214(2): 145-149. doi: 10.1620/tjem.214.14510.1620/tjem.214.145 https://doi.org/10.1620/tjem.214.145

	IbarakiMItoHShimosegawaE. Cerebral vascular mean transit time in healthy humans: a comparative study with PET and dynamic susceptibility contrast-enhanced MRI. J Cereb Blood Flow Metab. 2007; 27(2): 404-413. doi: 10.1038/ sj.jcbfm.9600337

	ParsonsMW. Perfusion CT: is it clinically useful? International journal of stroke : official journal of the International Stroke Society. 2008; 3(1): 41-50

	AllmendingerAMTangERLuiYWSpektorV. Imaging of stroke: Part 1, Perfusion CT--overview of imaging technique, interpretation pearls, and common pitfalls. AJR Am J Roentgenol. 2012; 198(1): 52-62. doi: 10.2214/AJR.10.725510.2214/ajr.10.7255 https://doi.org/10.2214/ajr.10.7255

	KamalianSKamalianSKonstasAA. CT perfusion mean transit time maps optimally distinguish benign oligemia from true “at-risk” ischemic penumbra, but thresholds vary by postprocessing technique. AJNR Am J Neuroradiol. 2012; 33(3): 545-549. doi: 10.3174/ajnr.A280910.3174/ajnr.a2809 https://doi.org/10.3174/ajnr.a2809

	FieselmannAGangulyADeuerling-ZhengYZellerhoffMRohkohlCBoeseJ. Interventional 4-D C-arm CT perfusion imaging using interleaved scanning and partial reconstruction interpolation. IEEE Trans Med Imaging. 2012; 31(4): 892-906. doi: 10.1109/TMI.2011.218153110.1109/tmi.2011.2181531 https://doi.org/10.1109/tmi.2011.2181531

	FieselmannAKowarschikMGangulyAHorneggerJFahrigR. Deconvolution-Based CT and MR Brain Perfusion Measurement: Theoretical Model Revisited and Practical Implementation Details. Int biome imaging. 2011; 2011: 467563. doi: 10.1155/2011/46756310.1155/2011/467563 https://doi.org/10.1155/2011/467563

	ZhangCVilla-UriolMCDe CraeneMPozoJMMachoJMFrangiAF. Dynamic estimation of three-dimensional cerebrovascular deformation from rotational angiography. Med phys. 2011; 38(3) :1294-1306. doi: 10.1118/1.354976110.1118/1.3549761 https://doi.org/10.1118/1.3549761

	WaechterIBrednoJBarrattDCWeeseJHawkesDJ. Quantification of blood flow from rotational angiography. Med Image Comput Comput Assist Interv. 2007; 10(Pt 1): 634-641. doi: 10.1007/978-3-540-75757-3_7710.1007/978-3-540-75757-3_77 https://doi.org/10.1007/978-3-540-75757-3_77

	WaechterIBrednoJHermansRWeeseJBarrattDCHawkesDJ. Model-based blood flow quantification from rotational angiography. Med image anal. 2008; 12(5): 586-602. doi: 10.1016/j.media.2008.06.00310.1016/j.media.2008.06.003 https://doi.org/10.1016/j.media.2008.06.003

	TenjinHAsakuraFNakaharaY. Evaluation of intraaneurysmal blood velocity by time-density curve analysis and digital subtraction angiography. AJNR Am j neuroradiol. 1998; 19(7): 1303-1307. Web site. http://www.ajnr.org/ content/19/7/1303.long. Accessed April 14, 2016

	KampMASlottyPTurowskiB. Microscopeintegrated quantitative analysis of intraoperative indocyanine green fluorescence angiography for blood flow assessment: first experience in 30 patients. Neurosurgery. 2012; 70(1 Suppl Operative): 65-73. doi: 10.1227/NEU.0b013e31822f7d7c10.1227/neu.0b013e31822f7d7c https://doi.org/10.1227/neu.0b013e31822f7d7c

	DivaniAALieberBBWakhlooAKGounisMJHopkinsLN. Determination of blood flow velocity and transit time in cerebral arteriovenous malformation using microdroplet angiography. Ann Biomed Eng. 2001; 29(2): 135-144. doi: 10.1114/1.1349696 Page 2910.1114/1.1349696 https://doi.org/10.1114/1.1349696

	BurschJHHahneHJBrenneckeRGronemeierDHeintzenPH. Assessment of arterial blood flow measurements by digital angiography. Radiol. 1981; 141(1): 39-47. doi: 10.1148/ radiology.141.1.7291540

	MolloiSZhouYKassabGS. Regional volumetric coronary blood flow measurement by digital angiography: in vivo validation. Acad radiol. 2004; 11(7): 757-766. doi: 10.1016/j. acra.2004.04.00210.1016/j.acra.2004.04.002 https://doi.org/10.1016/j.acra.2004.04.002

	HangiandreouNJFoltsJDPepplerWWMistrettaCA. Coronary blood flow measurement using an angiographic first pass distribution technique: a feasibility study. Med phys. 1991; 18(5): 947-954. doi: 10.1118/1.59671610.1118/1.596716 https://doi.org/10.1118/1.596716

	HuangSPDeckerRJGoodrichKCParkerDJMuhlesteinJBBlatterDD. Velocity measurement based on bolus tracking with the aid of three-dimensional reconstruction from digital subtraction angiography. Med phys. 1997; 24(5): 677- 686. doi: 10.1118/1.59799010.1118/1.597990 https://doi.org/10.1118/1.597990

	EfronUPriceRRSmithCWBrillAB. A method to determine the instantaneous blood-flow using cine- or videodensitometric data. Proc. SPIE 0143, Applications of Electronic Imaging Systems. 1978: 154-161. doi: 10.1117/12.95656110.1117/12.956561 https://doi.org/10.1117/12.956561

	SarryLBoireJYZancaMLussonJRCassagnesJ. Assessment of stenosis severity using a novel method to estimate spatial and temporal variations of blood flow velocity in biplane coronarography. Phys med biol. 1997; 42(8): 1549-1564. Web site. http://iopscience.iop.org/article/10.1088/0031-9155/42/8/006/ pdf. Accessed April 14, 201610.1088/0031-9155/42/8/006/pdf https://doi.org/10.1088/0031-9155/42/8/006/pdf

	ShpilfoygelSDCloseRAValentinoDJDuckwilerGR. X-ray videodensitometric methods for blood flow and velocity measurement: a critical review of literature. Med phy. 2000; 27(9): 2008-2023. doi: 10.1118/1.128866910.1118/1.1288669 https://doi.org/10.1118/1.1288669

	LorensenWEClineHE. Marching cubes: A high resolution 3D surface construction algorithm. SIGGRAPH Comput Graph. 1987; 21(4): 163-169. doi: 10.1145/37401.3742210.1145/37401.37422 https://doi.org/10.1145/37401.37422

	PiccinelliMVenezianiASteinmanDARemuzziAAntigaL. A framework for geometric analysis of vascular structures: application to cerebral aneurysms. IEEE Trans Med Imaging. 2009; 28(8): 1141-1155. doi: 10.1109/TMI.2009.202165210.1109/tmi.2009.2021652 https://doi.org/10.1109/tmi.2009.2021652

	WesterhofNStergiopulosNNobleM. Snapshots of Hemodynamics: An aid for clinical research and graduate education; 2005

	BuiASutaloIDManassehRLiffmanK. Dynamics of pulsatile flow in fractal models of vascular branching networks. Med Biol Eng Comput. 2009; 47(7): 763-772. doi: 10.1007/ s11517-009-0492-6

	MoonJLinningerAA. A hybrid sequential niche algorithm for optimal engineering design with solution multiplicity. Comput Chem Eng. 2009; 33(7): 1261-1271. doi: 10.1016/j. compchemeng.2009.02.00610.1016/j.compchemeng.2009.02.006 https://doi.org/10.1016/j.compchemeng.2009.02.006

	KulkarniKZhangLBLinningerAA. Model and parameter uncertainty in distributed systems. Ind Eng Chem Res. 2006; 45(23): 7832-7840. doi: 10.1021/ie0604876 Page 3010.1021/ie0604876 https://doi.org/10.1021/ie0604876




OEBPS/nav.xhtml
Contents

		Cerebral Blood Flow Assessment by Digital Subtraction Angiography

		Introduction

		Materials And Methods

		Results		Page 24 Patient 1 Patient 2 Patient 3 Patient 4

		ICA(Pre/Post) --/-- 93/289 --/275 94/205 MCA(Pre/Post) -34/-57 58/157 57/215 58/175 ACA(Pre/Post) 58/89 23/105 -12/133 14/49

		ICA(Pre/Post) --/-- 2.58/1.50 1.80/0.72 1.02/0.66 MCA(Pre/Post) 2.94/1.14 3.12/1.86 1.86/1.14 0.90/0.84 ACA(Pre/Post) 2.52/1.14 3.18/1.74 2.25/1.98 1.23/0.96

		ICA(Pre/Post) --/-- 0.24/0.36 0.57/0.80 0.34/0.84 MCA(Pre/Post) 0.20/0.45 0.13/0.17 0.47/0.42 0.14/0.26 ACA(Pre/Post) 0.15/0.35 0.14/0.20 0.43/0.47 0.37/0.33

		ICA(Post) -- 263.6±2.6* -- 182.9±6.1* MCA(Post) -- 168.5±4.0* -- 136.6±6.0* ACA(Post) -- 56.5±2.5* -- 50.1±6.2*

		Rcabi And Ttpi For Intervention Assessment

		Flow Inversion from Reconstructed DSA

		Optimal Flow From Inversion Of The Intensity Profiles

		Confidence Regions of Flow Estimation





		Discussion

		Conclusions

		Acknowledgments

		References





