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Abstract
Objective
To investigate the natural course of scoliosis and to estimate lifetime probability of scoliosis
surgery in spinal muscular atrophy (SMA).

Methods
We analyzed cross-sectional data from 283 patients from our population-based cohort study.
Additional longitudinal data on scoliosis progression and spinal surgery were collected from 36
consecutive patients who received scoliosis surgery at our center.

Results
The lifetime probability of receiving scoliosis surgery was≈80% in SMA types 1c and 2. Patients
with type 2 who only learned to sit (type 2a) were significantly younger at time of surgery than
those who learned to sit and stand (type 2b). The lifetime risk of surgery was lower in type 3a
(40%) and strongly associated with age at loss of ambulation: 71% in patients losing ambulation
before 10 years of age vs 22% losing ambulation after the age of 10 years (p = 0.005). In type 3a,
preserving the ability to walk 1 year longer corresponded to a 15% decrease in lifetime risk of
scoliosis surgery (hazard ratio 0.852, p = 0.017). Scoliosis development was characterized by
initial slow progression, followed by acceleration in the 1.5- to 2-year period before surgery.

Conclusion
The lifetime probability of scoliosis surgery is high in SMA types 1c and 2 and depends on age at
loss of ambulation in type 3. Motor milestones such as standing that are not part of the standard
classification system are of additional predictive value. Our data may act as a reference to assess
long-term effects of new SMA-specific therapies.
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Hereditary proximal spinal muscular atrophy (SMA) is an
important cause of infantile mortality and childhood disabil-
ity. It is caused by survival motor neuron (SMN) protein
deficiency due to homozygous loss of function of the SMN1
gene. Three types of childhood SMA (i.e., types 1–3) are
distinguished on the basis of age at onset and achieved motor
milestones.1–3

The natural course of SMA is characterized by death due to
respiratory insufficiency in the first years of life (i.e., in SMA
type 1) or an arrest of motor function development, followed
by a progressive decline of motor function and muscle strength
in the more chronic forms (i.e., types 2 and 3).1–3 Recently
introduced SMN-augmenting therapies have been shown to
improve survival and motor function in the short term. How-
ever, long-term effects on motor function or important SMA-
related complications have not yet been elucidated.4–7

A progressive scoliosis due to deteriorating axial muscle
strength is one of the most important complications occurring
in virtually all children with SMA type 2 and a significant
number with type 3. It impairs motor and respiratory func-
tion, and most patients eventually require spinal surgery for
scoliosis correction.8–13 Studies on lifetime risk of scoliosis
surgery in relation to disease severity, however, are not
available, and the natural course of scoliosis in SMA has not
been fully investigated. Therefore, we analyzed data from 283
patients from our prospective, population-based cohort study
on SMA14 to study the prevalence, lifetime risk of scoliosis
surgery, scoliosis progression, and characteristics of patients
who received scoliosis surgery at our center.

Methods
Standard protocol approvals, registrations,
and patients consents
Patient data were retrieved from the Dutch SMA registry,
which contains data of an ongoing prospective population-
based cohort study on SMA, which started in 2010. Patient
characteristics are captured with standardized questionnaires
and physical examinations, including muscle strength mea-
surement and motor function assessments, as described pre-
viously.14 The use of standardized questionnaires and physical
examinations allowed us to obtain information on the pres-
ence of a scoliosis and, if applicable, information on previous
scoliosis surgery.

We used the SMA classification system based on age at disease
onset and acquired motor skills to define SMA phenotypes
with previously published modifications to distinguish SMA
types 1a through 1c, 2a, 2b, 3a, and 3b (table 1).3,13

We confirmed homozygous loss of function of the SMN1
gene and determined SMN2 gene copy numbers by multiplex
ligation-dependent probe amplification analysis using the
SALSA multiplex ligation-dependent probe amplification kit
P021-B1-01 (MRC Holland, Amsterdam, the Netherlands)
according to the manufacturer’s protocol. We were unable to
determine the SMN2 gene copy number of 5 patients (1.8%)
due to the lack of sufficient amounts of DNA. Further in-
clusion and exclusion criteria and details of all study-related
procedures have been published previously.3,14

The study protocol was approved by the local medical ethics
committee (No. 09-307/NL29692.041.09), and informed
consent was obtained from all participants or their parents in
case of underage children.

Scoliosis progression
To study scoliosis progression, we identified patients in our
database who underwent scoliosis surgery at our tertiary re-
ferral center between 1991 and 2015. We reviewed all avail-
able patient charts and extracted relevant details, including
radiographs of the spine, surgical techniques applied
(i.e., segmental spinal instrumentation or surgical techniques
that allow for continued spinal growth after surgery), and
perioperative and postoperative reports. Radiographs of the
spine were made following a standardized procedure at our
center. If possible, the radiographs were made in the upright,
standing position. If a patient was unable to stand, radiographs
were made in a sitting position without support. If a patient
was unable to sit, the supine position was used.

The magnitude of the curve, vertebrae that were included in
the scoliosis, curve shape, and convexity were obtained from
all available radiographs. Curve characteristics, including the
coronal Cobb angle,15 were reassessed by 1 observer (R.C.B.)
using multiple radiographs per patient to evaluate progression
of the curve and taking the patient’s position, for example,
sitting or lying, into account. Both analog and digital ante-
roposterior and posteroanterior radiographs were included
because previous studies showed very low variability in Cobb
angle measurements between digital and analog radiographs
and between anteroposterior and posteroanterior
radiographs.16,17

Effect of surgery on scoliosis
Scoliosis correction of the main curve was defined as the
difference in Cobb angle between the last available pre-
operative and the first available postoperative radiograph.
Postoperative radiographs were used only if made within 6
months after surgery. This time criterion was selected to take
the progressive nature of scoliosis in SMA, even after spinal
surgery, into account.18

Glossary
CI = confidence interval; SMA = spinal muscular atrophy; SMN = survival motor neuron.
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Statistical analysis
Descriptive statistics were used to describe baseline charac-
teristics. Lifetime surgery probability was analyzed with
Kaplan-Meier survival curves. Patients who did not undergo
surgery were censored at the end of the follow-up period,
i.e., their most recent study visit to our center. To detect
differences between SMA types, we used the log-rank test.
Median survival times, expressing the median patient age at
surgery, were calculated. To correct for multiple testing, p
values were adjusted with Bonferroni correction. Cox re-
gression was used to assess the impact of age at loss of am-
bulation on the lifetime surgery probability in patients with
SMA type 3a. The 95% confidence intervals (CIs) for the size
of each reported effect are shown.

Age at surgery between SMA types within the subgroup of
patients who received surgery at our center was compared by
use of a Kruskal-Wallis analysis because data followed a non-
normal distribution. To analyze the presence of a trend of
increasing age at surgery with milder SMA phenotypes, the
Jonckheere-Terpstra test was used. Mann-Whitney U analysis
was used to compare age at surgery between groups who
received surgery before vs after introduction of new surgical
techniques because data followed a non-normal distribution.
Values of p < 0.05 were considered statistically significant. We
used R software (R-3.4.3 for Windows with RStudio version
1.1.383, R Foundation for Statistical Computing, Vienna,
Austria) for all statistical analyses.19

Data availability
The data that support the findings of this study are available
from the corresponding author on reasonable request.

Results
In total, we included 283 patients with SMA types 1 through 4
(age range 0–82.2 years). In our cohort, 170 patients (60%)
had scoliosis, and 95 (34%) underwent scoliosis surgery.
Patient characteristics are presented in table 2.

Lifetime risk of scoliosis surgery in SMA
The lifetime probability of scoliosis surgery differed between
SMA types (p < 0.0001). Surgery probability was high for SMA
types 1c and 2 at 77% and 84%, respectively (95% CI 26.2–92.9
and 72.0–90.6). The lifetime probability was similar for SMA
types 2a and 2b at 85% and 83%, respectively (95%CI 68.2–92,5
and 60.7–92.2, p = 0.598). In SMA type 3a, the probability was
40% (95%CI 20.7–54.4), considerably lower compared to SMA
types 1c (p = 0.0093), 2a (p = 3.3 × 10−9), and 2b (p = 3.9 ×
10−5). The lifetime probability of scoliosis surgery for SMA types
3b and 4 was very low: only 1 of 44 patients with SMA type 3b
(2%, 95%CI 0.0–6.6) and none of the 6 patients with SMA type
4 in our cohort underwent scoliosis surgery (figure 1).

Disease progression in SMA type 3a leads to loss of ambulation
in a significant proportion of patients. It is likely that the pro-
gression of weakness not only leads to loss of ambulation but
also increases the risk of scoliosis progression that ultimately
requires surgery.8 To assess its effect in SMA type 3a, we strat-
ified by age at loss of ambulation (figure 2). Lifetime probability
of scoliosis surgery was 71% (95%CI 19.2–89.7) in patients with
early (≤10 years) and 22% (95% CI 0–41.4) with later (>10
years) loss of ambulation (p = 0.005, data available from 28
patients). The age at which independent walking was lost greatly
affected the probability of scoliosis surgery: losing the ability to

Table 1 Clinical classification of SMA

SMA type and
subtypes Age at onset Highest achieved motor milestones

1 0–6 mo Never acquires ability to sit unsupported

0/1a Prenatal/neonatal Symptoms in prenatal and/or neonatal (first month) period, no head control

1b (classic) 1–6 mo No head control and no ability to roll over

1c 3–6 mo Will usually acquire additional motor skills such as head control or rolling from supine to prone or at least to 1
side at any stage in life. Patients with SMA type 1c are reported to survive into adulthood with or without
respiratory support

2 6–18 mo Able to sit unsupported, not able to walk

2a Unsupported sitting but not able to stand or walk with help

2b In addition to unsupported sitting, able to stand or walk with help but not unassisted

3 >18 mo Able to walk unsupported

3a 18–36 mo

3b >36 mo

4 During adulthood,
i.e., ≥18 y

Able to walk unsupported

Abbreviation: SMA = spinal muscular atrophy.
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walk independently 1 year later corresponded roughly to a 15%
decrease in the lifetime risk of scoliosis surgery (hazard ratio
0.852, 95% CI 0.748–0.97, p = 0.0166, n = 28).

Stratification by SMN2 copy numbers within the group of
SMA type 3a patients showed no clear differences in surgery
probabilities (p = 0.31), although a trend of higher surgery

Table 2 Baseline characteristics

SMA type

Type 1b
(n = 29)

Type 1c
(n = 29)

Type 2a
(n = 68)

Type 2b
(n = 52)

Type 3a
(n = 55)

Type 3b
(n = 44)

Type 4
(n = 6)

Age, y 0.5
(0–14.3)

7.9
(1.0–62.8)

17.6
(1.5–46.4)

18.9
(2.4–73.9)

34.1 (3.5–71.9) 44.6
(17.1–82.2)

52.6
(39.6–74.3)

M:F 10:19 17:12 26:42 18:34 23:32 25:19 2:4

SMN2 copies, n

1 3 0 0 0 0 0 0

2 23 4 1 1 1 1 0

3 2 25 61 44 26 6 0

4 1 0 4 6 28 32 6

5 0 0 0 0 0 4 0

NA — — 3 1 — 1 —

Scoliosis surgery, n (%) 0 (0) 9 (31) 42 (62) 28 (54) 15 (27) 1 (2) 0 (0)

Age at scoliosis surgery, y — 9.1
(4.8–19.8)

8.2 (3.9–16.0) 10.6
(7.4–31.3)

13.4
(10.1–39.7)

15.8 —

Abbreviations: NA = not available; SMA = spinal muscular atrophy; SMN2 = survival motor neuron 2
Data are presented as median (range) when appropriate.

Figure 1 Lifetime probability of scoliosis surgery in SMA

Probability of scoliosis surgery by age (in years). Colored lines represent the different spinal muscular atrophy (SMA) phenotypes. Small vertical lines indicate
censoring. Horizontal and vertical dashed black lines indicate the median times to scoliosis surgery per SMA type.
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probability in patients with 3 vs 4 SMN2 copies was present
(58% and 22%, respectively).

Patients’ age at scoliosis surgery
The median ages at scoliosis surgery differed between SMA
types: 14.6, 9.6, and 13 years in SMA types 1c, 2a, and 2b,
respectively (p < 0.0001, figure 1). For patients with SMA
type 3a who lost ambulation before the age of 10 years, the
expected median age at surgery was 14.3 years (figure 2). A
clear trend of increasing age at surgery with milder SMA
phenotypes was present when we assessed all patients with
SMA types 1c through 3a who underwent scoliosis surgery
(J = 2,139, p = 2.226 × 10−6).

Natural course of scoliosis in SMA
To assess scoliosis in more detail and to study its natural
progression in patients with SMA, we studied 36 consecutive
patients who underwent scoliosis surgery at our tertiary re-
ferral center in the 25-year period between 1991 and 2015.
Patient and scoliosis characteristics are presented in table 3,
including the reasons for surgery. Because of the limited
number of patients, no subgroup analyses to assess differ-
ences in reasons for surgery between SMA subtypes were
performed.

The progression rate of scoliosis was studied with the use of
serial preoperative radiographs. Sufficient data were available
from 15 of 36 (42%) patients. Scoliosis progression was 7.2°/y

with a marked increase to an average of 10.1°/y in the 18
months before spinal surgery (figure 3).

Age at surgery, scoliosis characteristics, and
surgery techniques from 1991 to 2015
Median age at scoliosis surgery in the cohort of 36 patients
was 7.9 years and not different between SMA types [H(3) =
7.0612, p = 0.06997, table 3], although we observed a trend of
increasing age at surgery with milder SMA phenotypes within
this cohort (J = 246, p = 0.00809).

Scoliosis shape was determined using radiographs of the spine
from 25 (69%) patients. Eleven patients were excluded be-
cause their radiographs were of insufficient quality (e.g., in-
complete imaging of the spine). Fifteen (60%) patients had
a C-shaped scoliosis; 10 (40%) had an S-shaped scoliosis.
Median preoperative Cobb angle was 50° (range 29°–104°),
and scoliosis surgery resulted in a median correction of 50%
(table 3).

In our cohort, segmental spinal instrumentation using the
Luque20 method was used predominantly until 2008. From
2009 on, this method was largely replaced by surgical tech-
niques that allow for continued spinal growth after surgery.
From 2009, patients in our cohort underwent surgery at older
ages (median 10.2 years, range 6.6–15.5 years, n = 10)
compared to before 2009 (median 7.3 years, range 3.9–14.9
years, n = 26) (U = 64, p = 0.019, r = 0.39). However, when we

Figure 2 Lifetime probability of scoliosis surgery and ability to walk independently in SMA type 3a

Probability of scoliosis surgery by age (in year). Colored lines represent the different groups of patients with spinalmuscular atrophy (SMA) type 3a: early (red)
vs late (blue) loss of ambulation and corresponding lifetime probabilities of scoliosis surgery. Small vertical lines indicate censoring. Horizontal and vertical
dashed black lines indicate the median time to scoliosis surgery.
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compared age at surgery before and after 2009 for all patients
with SMA types 1c through 3a in our population-based reg-
istry (n = 94, table 2), the median age did not differ between
groups (9.9 and 10.0 years, respectively, U = 653, p = 0.42, r =
0.082).

Discussion
This study describes the lifetime risk of scoliosis and its
surgical treatment in relation to SMA type and the acqui-
sition and loss of specific motor milestones, as well as
the characteristics and rate of progression of scoliosis in
a large cohort of patients with SMA. SMA type is associated
with the cumulative lifetime risk of scoliosis that requires
surgery. Acquired milestones and their loss are associated
with the age at which surgery is necessary. Combined, these
data reflect the natural history of scoliosis development
in SMA.

Scoliosis probably reflects the inability of axial muscle to
support the growing vertebral column and is one of the most
important complications of SMA, affecting the majority of
patients with types 1c and 2 and, as we have shown, those with
type 3a with early loss of ambulation.8–12 Scoliosis de-
velopment negatively affects the ability to sit and to balance,
respiratory function, and several other functions.12 Despite its
importance, very few large cohort studies have addressed the
issue in detail, and scoliosis progression has not been included
as an outcome measure in clinical trials.

We found high lifetime probabilities of scoliosis surgery in
SMA types 1c, 2a, and 2b (≈80%), a lower probability in

SMA type 3a (≈40%), and a very low probability in SMA
types 3b and 4. Previous studies that described lifelong risk
of scoliosis surgery had much smaller sample sizes or had
significant limitations.8–12,21,22 The majority of literature on
the topic was published in the 1970s and 1980s, before ge-
netic testing for SMA became available. This raises the
possibility that some patients included in those studies did
not have hereditary proximal SMA.8,9,23–31 Furthermore,
most of the more recent work focused on orthopedic man-
agement, surgical techniques, and postoperative outcomes
rather than scoliosis development, prevalence, or surgery
probability.32–35 A cross-sectional analysis of >5,000 patients
with SMA derived from a large number of national SMA
databases that used the Translational Research in Europe:
Assessment and Treatment of Neuromuscular Disorders
format36 reported that 9% of patients had received scoliosis
surgery, a number that is much lower than the 34% dem-
onstrated in our cohort. We think that these differences are
most likely explained by large differences in median ages
between the studies; that is, except for SMA type 1, the
median age in our cohort of patients with SMA types 2a
through 4 was >17 years (table 2), much higher than in most
other studies. Because spinal growth is nearly complete at
this age and thus later scoliosis development is highly un-
likely,37 we believe that our data represent a more reliable
estimation of scoliosis prevalence and, especially, lifetime
risk of scoliosis surgery.

The median age at surgery was 9.9 years in our cross-
sectional population-based study and 7.9 years in the
subgroup of patients who received surgery at our center
between 1991 and 2015. Ages at surgery have previously
been reported predominantly in small case series and are

Figure 3 Scoliosis progression in SMA

(A) Individual scoliosis progression in patients of different ages. (B) Progression of scoliosis before spinal surgery (at t = 0). Lines represent the individual
progression patterns, and colors indicate different spinal muscular atrophy (SMA) phenotypes as specified in the legend.
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largely comparable to our data.8,21,22,33,34 Age at scoliosis
surgery correlated significantly with SMA type: patients with
milder SMA phenotypes received surgery later compared to
those with more severe phenotypes (figure 1). In the full
cohort (n = 283), patients with SMA type 1c had a slightly
higher age at surgery than patients with type 2 SMA. This
may be explained by a paradoxical delay of surgery due to
SMA severity, e.g., caused by doubts about life expectancy or
pulmonary status. In addition, the number of patients with
SMA type 1c in our cohort who received surgery was small
(n = 9, table 2).

Acquisition and loss of motor milestones were also associ-
ated with the need for and timing of surgery. Patients with
milder SMA type 2 (those who learned to stand in addition
to sit, i.e., type 2b) were significantly older when they re-
ceived surgery compared to those with SMA type 2a.
Patients with SMA who also learned to walk (i.e., type 3a)
had a significant higher age at surgery than those with type
2b. Furthermore, early loss of ambulation in SMA type 3a
was associated with a much higher lifetime probability of
scoliosis surgery (71%), almost comparable to that for
type 2b (83%). In contrast, those with SMA type 3a who
lost ambulation after the age of 10 years had a dramati-
cally lower lifetime probability of receiving scoliosis sur-
gery (22%). Thus, long-term preservation of the ability to
walk may significantly lower the lifetime probability of
scoliosis surgery. Our data reaffirm that the use of de-
velopmental stages defined by several motor milestones,
including rolling and standing, which are not part of the
SMA classification system, is of additional predictive
value.2,3,14

Estimates of scoliosis progression in SMA vary widely. The
available follow-up data from 15 patients (predominantly
SMA type 2a) in our cohort suggest an average progression of
7.2°/y with a marked acceleration in the 18 months before
surgery, up to≈10°/y (figure 3). A number of previous studies
report comparable figures of 8°/y, but higher progression
rates up to 20°/y also have been reported, with faster

Table 3 Characteristics of SMA patients who underwent
scoliosis surgery at our center (1991–2015)

Patient characteristics (n = 36)

SMA types, n

Type 1c 4

Type 2a 23

Type 2b 8

Type 3a 1

M:F 13:23

SMN2 copies, n

2 1

3 31

4 3

NA 1

Age at surgery, y 7.9 (3.9–15.5)

Type 1c 6.2 (5.1–15.5)

Type 2a 7.4 (3.9–14.2)

Type 2b 9.8 (7.6–14.9)

Type 3a 14.3

Scoliosis characteristics (n = 25)a

C-shaped, n (%) 15 (60)

Left convex 8

Right convex 7

S-shaped, n (%) 10 (40)

Left convex 6

Right convex 4

Scoliosis level, n (%)

Lumbar 9 (36)

Thoracolumbar 16 (64)

Preoperative Cobb angle, ° 50 (29–104)

Postoperative Cobb angle, ° 24 (8–60)

Absolute correction, ° 28 (6–66)

Relative correction, % 50 (21–88)

Reasons for scoliosis surgery (n = 36), n (%)b

Rapid progressive scoliosis 24 (67)

Deterioration of pulmonary function 7 (19)

Pain or discomfort 6 (17)

Instability when seated 3 (8)

Reduced supine bending 2 (6)

Parental request 1 (3)

Table 3 Characteristics of SMA patients who underwent
scoliosis surgery at our center (1991–2015)
(continued)

Scoliosis with severe kyphosis 1 (3)

Stabilizing current situation 1 (3)

Not reported 3 (8)

Abbreviations: NA = not available; SMA = spinal muscular atrophy; SMN2 =
survival motor neuron 2
Data are presented as median (range) when appropriate.
a Scoliosis characteristics are based on radiographs of the spine, which were
available for 25 of 36 patients. In 11 cases, radiographs were incomplete or
of insufficient quality.
b As indicated by the orthopedic surgeon. For some patients, >1 reason was
noted.
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progression in SMA type 2a compared to type 2b.8,9,21,22,38

Accelerated scoliosis progression in SMA type 2 has been
reported previously, occurring at ≈10 years of age.9 This
roughly correlates with our findings, although we observed
the increase at a much younger age (figure 3). Furthermore,
the specific acceleration of scoliosis progression at ≈10 years
of age was not shown in a large cohort with data of 61 un-
treated patients with SMA type 2.21

Taking the high variability of reported data into account, we
estimate that scoliosis progression in SMA type 2 is ≈5°/y to
12°/y, most likely following a biphasic pattern of initial slower
annual progression, followed by a period of increased scoliosis
progression in the 1.5 to 2 years preceding surgery. The
available data suggest slower scoliosis progression in SMA
type 2b compared to type 2a.

Scoliosis progression data for SMA type 3 are less clear. The
reported range in small cohort studies is between 2.9°/y and
15°/y, but data on remaining motor function in these
patients were not presented.8,9,21 Scoliosis progression in
SMA type 3 is likely to be slower compared to type 2, al-
though our data indicate that early loss of ambulation in
SMA type 3 predicts faster scoliosis progression because this
causes a dramatic increase in the lifetime probability of
scoliosis surgery.

We studied level and curve shape of scoliosis in a subgroup
of patients who received surgery at our center. Previous
studies have indicated that a thoracolumbar C-shaped sco-
liosis is characteristic of SMA and other neuromuscular
disorders.10,11,22,39,40 Although this was true for the ma-
jority of our patients, a significant number had a lumbar or
S-shaped scoliosis (table 3). The observed differences with
previous studies may be attributable to the relatively small
size of our cohort or inclusion or other bias. However, it
seems safe to assume that levels and shape may differ be-
tween patients.

Different surgical techniques have been used for the
correction of scoliosis in SMA. Segmental spinal in-
strumentation using the Luque20 method was the most
used technique in our cohort of patients until approxi-
mately 2008. Thereafter, it was largely replaced by surgical
techniques that allow for continued spinal growth, in ac-
cordance with current guidelines.13 The introduction of
these growth-friendly techniques also allows earlier surgical
interventions, leading to a decline in age at surgery and
earlier increased support in patients with severe
scoliosis.41,42 In our cohort, however, the introduction of
these techniques did not lead to lower median ages at
surgery, possibly attributable to the relatively small size of
our cohort.

We acknowledge several limitations of our work. The
cross-sectional design is an important limitation of this
study because it underestimates the true prevalence of

scoliosis in SMA since some patients are still young and will
develop a scoliosis later. Longitudinal follow-up of patients
would obviously be superior, but such an approach would
require an effort over long periods of time, which no longer
seems feasible since the introduction of SMN-augmenting
therapies. In addition, the lack of power for some of our
observations is an important limitation. For example,
estimates of natural scoliosis progression were based on
a relatively limited number of available radiographs. This
also limits the possibility of assessing differences between
boys and girls with respect to their patterns of scoliosis
progression.

Despite these limitations to some aspects of our work, the
focus and size of this study are relative strengths; most of
the conclusions are based on a large population-based co-
hort of genetically and clinically well-defined patients
with SMA.

Although standardized and longitudinal follow-up studies of
scoliosis in patients with SMA will remain necessary, our data
may be helpful as a reference for assessing long-term effects of
therapy.
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