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Abstract

Introduction There is little data on the cost of treating brain arteriovenous malformations (AVMs). The goal of this study then is
to identify cost determinants in multimodal management of brain AVMs.

Methods One hundred forty patients with brain AVMs prospectively enrolled in the UCSF brain AVM registry and treated
between 2012 and 2015 were included in the study. Patient and AVM characteristics, treatment type, and length of stay and
radiographic evidence of obliteration were collected from the registry. We then calculated the cost of all inpatient and outpatient
encounters, interventions, and imaging attributable to the AVM. We used generalized linear models to test whether there was an
association between patient and AVM characteristics, treatment type, and cost and length of stay. We tested whether the
proportion of patients with radiographic evidence of obliteration differed between treatment modalities using Fisher’s exact test.
Results The overall median cost of treatment and interquartile range was $77,865 (49,566—107,448). Surgery with preoperative
embolization was the costliest treatment at $91,948 (79,914-140,600), while radiosurgery was the least at $20,917 (13,915—
35,583). In multi-predictor analyses, hemorrhage, Spetzler-Martin grade, and treatment type were significant predictors of cost.
Patients who had surgery had significantly higher rates of obliteration compared with radiosurgery patients.

Conclusions Hemorrhage, AVM grade, and treatment modality are significant cost determinants in AVM management. Surgery
with preoperative embolization was the costliest treatment and radiosurgery the least; however, surgical cases had significantly
higher rates of obliteration.
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Introduction

Brain arteriovenous malformations (AVMS) are a common
cause of intracerebral hemorrhage, particularly in young peo-
ple [12]. Healthcare costs and lost productivity attributable to
ruptured AVMs are significant [7]. AVMs have an estimated
54 Caleb Rutledge prevalence of about 50 cases per 100,000 (95% CI 10-100)
William.rutledge@ucsf.edu [9]. Improved access and utilization of non-invasive brain
imaging have led to increased detection of unruptured AVMs.
Current management of AVMs is multimodal and includes
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preoperative embolization to obliterate feeding artery aneu-
rysms and deep, surgically inaccessible feeding arteries to
reduce blood flow to the AVM, minimize blood loss during
surgery, and reduce operative times. Curative embolization is
also possible, usually in small AVMs with a single direct feed-
ing artery [14]. Radiosurgery is a viable alternative to micro-
surgical resection. Delivery of a sufficient dose of radiation to
the AVM induces closure of the lumen of AVM vessels and
obliteration of the AVM over a 2—3-year latency period.
Outcomes are also excellent with low morbidity, particularly
for small AVMs [4-6, 13].

There is an increasing body of research addressing the cost
of neurosurgical procedures, but there are few studies on cost
determinants in the management of AVMs. The goal of this
study then is to examine the association between patient and
AVM characteristics and cost in brain AVMs.

Methods
Study population

The study was approved by the University of California San
Francisco Committee on Human Research and conducted in
compliance with Health Insurance Portability and
Accountability Act regulations. All patients with brain
AVMs at UCSF are enrolled prospectively in a brain AVM
registry. Patients with AVMs who were treated with surgery,
surgery with preoperative embolization, and radiosurgery be-
tween 2012 and 2015 were included in the study. Few patients
were treated with embolization alone or other combinations of
surgery, embolization, and radiosurgery and were excluded
from this analysis. We collected the following additional var-
iables: patient age and gender, presentation with hemorrhage,
Spetzler-Martin grade, length of stay, and radiographic evi-
dence of AVM of obliteration. Cost data was obtained from
our hospital’s internal accounting database and adjusted for
inflation based on CPI from the Bureau for Labor Statistics
using the “medical care” item to covert to 2015-adjusted dol-
lars. Total cost reported in US dollars ($) includes costs for
inpatient and outpatient encounters, interventions, and imag-
ing attributable to the AVM.

Statistical analysis

Patient and AVM characteristics were summarized by treat-
ment type as counts and percentage or means and standard
deviations. We tested whether treatment type was associated
with patient and AVM characteristics with Fisher’s exact test
or ANOVA. Costs were summarized by treatment type as
medians with interquartile ranges. We used a multi-predictor
generalized linear model (GLM) to determine whether there
was an association between cost and the following predictors:

@ Springer

treatment type, age at treatment, sex, Spetzler-Martin grade,
hemorrhage prior to treatment, and treatment year. Models
assume gamma-distributed outcomes and a log link function,
allowing us to interpret results as proportional increases (PI)
adjusted for covariates. A PI less than one indicates a de-
crease. Similarly, we used a GLM to determine whether length
of stay (LOS) was associated with the same predictors. LOS
analysis excluded radiosurgery patients because their LOS
was zero days. Some observations were missing Spetzler-
Martin grade data and, consequently, were not included in
the GLMs. We tested whether the proportion of AVMs with
radiographic evidence of obliteration on follow-up imaging
differed between modalities using Fisher’s exact test. For ra-
diosurgery patients, we calculated the median time to evidence
of obliteration using the Kaplan-Meier survival analysis. Data
analysis was conducted using Stata 15.1 SE (College Station,
TX; StataCorp LLC.).

Results
Patient demographics

One hundred forty patients with brain AVMs underwent treat-
ment at UCSF between 2012 and 2015 and were included in
the study. The mean age at presentation and standard deviation
was 37.4 £ 18.8 years, 56% (78/140) were female, and 47%
(66/140) presented with hemorrhage. There were 32 (27%)
Spetzler-Martin grade I, 50 (42%) grade 11, 23 (19%) grade
I, 11 (9%) grade 1V, and 3 (3%) grade V AVMs. Patients
were treated with surgery alone (n = 74, 53%), surgery with
preoperative embolization (n = 49, 35%), or radiosurgery
alone (n =17, 12%).

Association between patient and AVM characteristics
and treatment

Summary statistics by treatment type are presented in Table 1.
Age and gender had no association with treatment type; how-
ever, hemorrhage and AVM grade were significant predictors
of treatment type. Ruptured cases comprised 61% of surgery
cases, but only 33% of surgery with preoperative embolization
cases and 29% of radiosurgery cases (p = 0.003). Spetzler-
Martin grade was also associated with treatment type (p =
0.019), as higher grades were more frequently treated with
radiosurgery.

Cost according to treatment modality

A summary of cost by treatment type is provided in Table 2.
The overall median cost of treatment and interquartile range
was $77,865 ($49,566-$107,448). Surgery with embolization
was the most expensive with a cost of $91,948
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Table 1 Summary statistics by treatment type
Characteristic Surgery only (n =74)  Surgery and embolization (n =49) SRS only (n=17) Overall (n=140)  p value
Age, years 37.5+20.0 38.0+17.0 353+19.6 37.4+18.8 0.874
Female 38 (51%) 32 (65%) 8 (47%) 78 (56%) 0.239
Spetzler-Martin grade 0.002
1 22/60 (37%) 7/44 (16%) 3/15 (20%) 32/119 27%)

2 22/60 (37%) 26/44 (59%) 2/15 (13%) 50/119 (42%)

3 12/60 (20%) 6/44 (14%) 5/15 (33%) 23/119 (19%)

4 3/60 (5%) 5/44 (11%) 3/15 (20%) 11/119 (9%)

5 1/60 (2%) 0/44 (0%) 2/15 (13%) 3/119 (3%)
Hemorrhage at presentation 45 (61%) 16 (33%) 5 (29%) 66 (47%) 0.003

Values are mean + standard deviation, n (%), or n/total (%) when missing data is present

($79,914-$140,600), while radiosurgery was the least costly
at $20,917 ($13,915-$35,583). Surgery alone cost $74,540
(50,105-108,596). The least costly treatment observed was a
radiosurgery case that totaled $11,635, while the costliest was
a surgical case with embolization that cost $439,349.

Length of hospital stay according to treatment
modality

The median length of stay was 7 days (4-11). Preoperative
embolization led to a slightly higher median length of stay at 8
days (6-12). In all instances, radiosurgery cases did not re-
quire hospital stays beyond their procedure.

Multi-predictor models

Table 3 shows the results of the GLM analyses. A total of 119
observations were included in the GLM cost analysis. We
found that surgery with preoperative embolization costs about
40% more than surgery alone (PI = 1.40; 95% CI, 1.10-1.79;
p = 0.007), and radiosurgery was about 74% cheaper than
surgery alone (PI = 0.26; 95% CI, 0.18-0.38; p < 0.001).
Each point increase in Spetzler-Martin grade was associated
with increased cost (P1=1.18; 95% CI, 1.05-1.31; p = 0.004).
Cases that presented with a hemorrhage were more costly (PI
=1.42;95% CI, 1.11-1.82; p = 0.005).

A total of 104 observations were included in the GLM LOS
analysis. We found that surgery with preoperative

embolization had 33% longer LOS than surgery alone (PI =
1.33;95% CI, 1.00-1.77; p = 0.050). Older patients tended to
have longer LOS (PI = 1.12 per decade increase; 95% CI,
1.04-1.20; p = 0.004). Higher Spetzler-Martin grade was as-
sociated with longer LOS (PI = 1.35;95% CI, 1.16-1.57; p <
0.001), as was hemorrhage at presentation (P1=1.51; 95% ClI,
1.12-2.03; p = 0.007).

AVM obliteration by treatment modality

A total of 132 observations had post-treatment imaging. The
proportion of AVMs with radiographic evidence of oblitera-
tion varied by treatment modality (p < 0.001). All but one
AVM (118 of 119, 99%) in the embolization and surgery
and surgery only groups was obliterated. By contrast, 9 of
13 (69%) AVMs treated with radiosurgery had evidence of
obliteration on post-treatment imaging, with a median time
to imaging of 3.33 years. The median time to evidence of
obliteration of radiosurgery-treated AVMs was 3.68 years
(95% CI1, 2.96-4.45; see Fig. 1).

Discussion

Management of brain AVMs has evolved with advances in
treatment. The current management of brain AVMs is multi-
modal and includes observation or treatment with microsurgi-
cal resection, endovascular embolization, and/or stereotactic

Table 2 Outcome summary by

treatment type and overall Group n Cost ($) Length of stay (days)
Surgery only 74 74,540 (50,105-108,596) 7 (5-12)
Surgery and embolization 49 91,948 (79,914-140,600) 8 (6-12)
SRS only 17 20,917 (13,915-35,583) 0 (0-0)
Overall 140 77,865 (49,566-107,448) 7 (4-11)

Cost and length of stay are summarized as median (interquartile range)
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Table 3:  Generalized linear model results

Characteristic Treatment cost outcome

Length of stay outcome

PI 95% CI p value PI 95% CI p value
Treatment type
Surgery only (reference) - - - - - -
Embolization and surgery 1.40 (1.10, 1.79) 0.007 1.33 (1.00, 1.77) 0.050
SRS only 0.26 (0.18, 0.38) < 0.001 - - -
Age (per decade increase) 1.01 (0.95, 1.07) 0.825 1.12 (1.04, 1.20) 0.004
Female 1.08 (0.86, 1.37) 0.502 1.19 (0.89, 1.60) 0.238
Spetzler-Martin grade 1.18 (1.05, 1.31) 0.004 1.35 (1.16, 1.57) < 0.001
Hemorrhage at presentation 1.42 (1.11, 1.82) 0.005 1.51 (1.12, 2.03) 0.007

PI, proportional increase; CI, confidence interval

radiosurgery. Using a nationwide inpatient sample analysis,
Davies et al. found that charges associated with treatment of
brain AVMs have increased dramatically with the advent of
multimodality treatment and a trend toward more resource-
intensive therapy [3]. However, there are few recent studies
examining the relative cost of different treatment modalities.
Previously, Caruso et al. found radiosurgery is about 40% of
the cost of open surgery [2]. Berman et al. found preoperative
embolization is associated with higher cost and that higher
grade is associated with higher cost, as well as a longer length
of stay [1]. Our study reviewed cost determinants in
multimodality management of brain AVMs in a recent series.

Consistent with prior reports, we found that surgery with
embolization was the costliest treatment ($91,948 (79,914—
140,600)). Radiosurgery was far less costly ($20,917
(13,915-35,583)). Not surprisingly, in multi-predictor analy-
ses, hemorrhage, Spetzler-Martin grade, and treatment type
were each significant independent predictors of cost.
Hemorrhaged cases had 50% longer hospital stays. Each point
increase in Spetzler-Martin grade increased the length of stay

{2100 | — 95% confidence bands r

point estimate

0.75+

0.50+

0.251

Proportion with evidence
of obliteration

0.00+:

Time to imaging (years)

Fig. 1 Time to AVM obliteration after radiosurgery
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by 35%. Embolized cases had 33% longer length of stay,
contributing to increased costs, and also incurred charges re-
lated to the embolization procedure and embolic material.
Results from cost and LOS analyses were quite similar, which
is not surprising given a high degree of correlation between
the outcomes (Spearman’s rho = 0.83, p < 0.001).

As expected, surgical cases with or without preoperative
embolization had significantly higher rates of AVM oblitera-
tion compared with radiosurgery cases. While radiosurgery
was the least costly treatment, it may not be cost-effective
due to lower obliteration rates and hemorrhages during the
latency period. In a study of small, operable AVMs, Porter
et al. found that open surgery was in fact more cost-effective
than radiosurgery for small AVMs [10]. Furthermore, while
preoperative embolization followed by surgery is the costliest
treatment, reducing blood loss and operative times may render
it the most cost-effective. Few patients in our cohort were
treated with curative embolization or other combinations of
surgery, embolization, and radiosurgery and were not included
in the study; however, management of brain AVMs continues
to evolve with advances in endovascular techniques,
microcatheter systems, Onyx, and other liquid embolysates.

While we have evaluated the direct costs of different AVM
treatments and identified predictors of cost, our study does not
include functional outcomes, indirect costs related to produc-
tivity losses, and quality of life measures. These should be
included in future cost-effectiveness analyses. Further, our
cost findings are from a single US academic hospital, which
may not be generalizable to all hospitals treating AVMs, but
should be representative of other high-volume academic refer-
ral centers. For example, at one major US academic center,
Berman et al. reported the average cost for embolization and
surgery was $78,400 £ $4900 versus $49,300 + $5800 for
surgery alone [1]. More recently, at another US center,
Caruso et al. reported average costs for open surgery and
radiosurgery of $78,332 and $46,293, respectively [2]. We
did find differences in costs between US and non-US centers.
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In Canada, Porter et al. reported costs of C$15,850 and
C$4184 for surgery and radiosurgery, respectively [10]. In
the Scottish Intracranial Vascular Malformation Study, the
least expensive and most common intervention was emboli-
zation alone (£16,938), while surgery alone (£18,699) and
radiosurgery alone (£18,008) were similar in cost [7]. In
Germany, Wellis et al. examined treatment costs of
microsurgically treated patients harboring an AVM potentially
amenable to radiosurgery and found the primary costs of mi-
crosurgery (€15,242) exceeded the costs of radiosurgery
(€7920) twofold [15].

Conclusions

Hemorrhage, AVM grade, and treatment modality are signif-
icant cost determinants in AVM management. Surgery with
embolization was the costliest treatment and radiosurgery the
least. Surgical cases regardless of preoperative embolization
had significantly higher rates of AVM obliteration compared
with radiosurgery.
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