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Abstract

:

Background: The Roussouly classification, based on the functional parameter sacral slope (SS), describes the normal sagittal balance in adults and has proved useful for surgery. Reference values in children should be defined, since they are an important treatment target of conservative treatment. Moreover, during growth, there are few correlations between sagittal parameters, and we hypothesize that a new classification based on the anatomical parameter pelvic incidence (PI) could also be useful. We performed a cross-sectional study to identify the reference values for the Roussouly classification during growth and to develop a new classification based on PI in children. Methods: Correlations between sagittal parameters and age were searched in 222 healthy subjects at the first consultation (6–18 years old). A new classification, based on PI, and comprising three types, is defined and compared to the Roussouly classification. Results: With age, correlations among sagittal balance parameters increase, as well as SS and PI, but with different cut-offs. The distribution of Roussouly types do not correspond to that in adulthood; thus, we defined new reference cut-offs. We defined a PI-based classification in three types, not overlapping Roussouly’s. We found a uniform and balanced distribution of cases among the nine possible combinations. Conclusions: In children, we need to use new thresholds for the Roussouly types. The new classification based on PI is correlated with the Roussouly classification, but it is also clearly different. Future studies will determine its validity.
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1. Introduction


Standing posture requires good spinopelvic balance, obtained through a balanced pelvic and spinal shape [1,2]. Sagittal profile spinal parameters play a crucial role in determining disability, health-related quality of life and therapeutic options [3,4]. From a surgical point of view, restoring spinopelvic balance is fundamental to maximize functional outcomes, reduce pain, and avoid complications [5]. The pelvic and spinal parameters showed high correlations in healthy populations [6,7] and significant individual variability [8]. The normative values of spinopelvic parameters in adolescents and children have been reported in healthy subjects [9,10,11] and patients with spinal deformities [12,13,14,15], showing higher variability than in adults [9].



With the practical aims of planning surgery and reducing failures, Roussouly suggested four categories in healthy adults. Roussouly classification is based on the Sacral Slope (SS), the pelvic parameter best correlating with spinal sagittal curves [16]. This approach offers an easier and practical way to classify subjects before surgery, as shown by the number of studies based on the Roussouly classification and new classifications proposed with the same purposes [17]. Contrarily, there are almost no studies in the field of conservative interventions, where current sagittal classification seems less valuable.



Bracing is effective in controlling scoliosis evolution [18]. Scoliosis bracing aims to correct the frontal plane, while keeping the best possible sagittal balance [19]. Nevertheless, the sagittal plane constitutes a significant clinical problem with a frequent flat back induction [5,20], and possible in-brace unbalance [21]. The immediate effects of bracing pose the same problems as surgery to the sagittal balance because it fixes the trunk and spine in a specific position for long durations. Nevertheless, bracing action aims at improving spinal balance at the end of growth. Moreover, children have different sagittal balance compensation mechanisms than adults because their spine and joints are less rigid, and their bodies constantly change toward adulthood. For this reason, we hypothesize that a classification of sagittal balance based on a reliable, anatomical parameter, such as Pelvic Incidence, could be more helpful in bracing children.



The present study aims to (1) assess if the distribution of the Roussouly types differ in children from adults; (2) if so, identify the correct boundaries of Roussouly types in normal children of different age and sex; (3) provide a new classification to the sagittal balance of the growing spine, similar to the Roussouly, but based on the anatomical parameter PI instead of the positional SS; (4) compare the two classifications. The overall aim is to give researchers and clinicians in the field of conservative interventions a better understanding of sagittal balance in children.




2. Materials and Methods


2.1. Study Characteristics


We performed a cross-sectional study embedded in a prospective clinical cohort of a tertiary referral institute specializing in spinal disorders during growth. We obtained the local ethical committee approval, verbal consent from children that took part in the study and written informed consent from participants’ parents. The researchers and the Institute did not receive any funding for this project. No compensation was provided to the participants.




2.2. Participants


We recruited a cohort of healthy subjects using the following inclusion criteria: age between 6 and 18 years, first consultation at our Institute, availability of frontal (PA) and sagittal (LL) radiographs, and no signs of spine pathologies as evaluated by an expert in the field. Exclusion criteria were: previous treatment for any spinal disorder, scoliosis angle exceeding 9° Cobb, Scheuermann’s disease, thoracic kyphosis above 49° Cobb, spondylolisthesis or any other spine disease, back pain, neuromuscular disease, or syndrome. Participants had spinal radiographs requested by their general practitioner before referral to our Institute. A careful clinical and radiographical evaluation by a specialist with extensive experience in spinal deformities allowed their classification as healthy subjects according to the previous inclusion and exclusion criteria. Since we were interested in defining the classifications by age and sex, and since we did not know before the study the numerosity of the sample and the possible distribution of the two variables, we post-hoc divided patients into subgroups to keep a minimum of around 20 patients per group.




2.3. Measurements


A group of expert specialists measured the sagittal spine and pelvic parameters. They included thoracic kyphosis between the lower plate of T12 and the upper plate of T1 (TK-T1) or T4 (TK-T4), lumbar lordosis between T12 and the lower plate of L5 (LL-L5) or the upper plate of S1 (LL-S1), lumbosacral angle (LSA), spino-sacral angle (SSA), spino-pelvic angle (SPA) and the pelvic parameters PI, SS and Pelvic Tilt (PT). We performed all measurements after patients’ clinical information concealment.



To check the reliability of measurements, we randomly extracted the radiographs of 20 patients to be re-measured by two senior physicians and one junior physician, with the latter repeating the measurements one week apart in a different randomized order. We considered test–retest reliability excellent if the value was above 0.8, good between 0.6 and 0.79, moderate between 0.4 and 0.59, and insufficient below 0.4. The intra-rater repeatability of radiograph measurements was excellent, with the inter-rater being excellent (59.3% of parameters) or good (29.6%), with only LSA moderate.




2.4. Identification of the Two Classifications in Children


The Roussouly classification includes four types of sagittal spinal alignment in healthy adults with a uniform distribution: type 1 and 2 have SS < 35° and a prevalence of 28% (5% and 23%, respectively), type 4 has SS > 45° (25%) and type 3 between these boundaries (47%) [16]. According to these principles in the adult classification, we first verified if the Roussouly types in children had the same distribution. Due to the pelvis change during growth, we expected the distribution to differ in children. If our hypothesis had proven true, we planned to identify the new boundaries for the Roussouly types in children of different ages and sex, keeping the same distribution in quartiles as adults.



Using the same principles based on quartiles, we defined the new classification as having three types with progressively growing PI: types A and C include the lowest and highest quartiles; type B consists of the two intermediate ones (50% of the population).




2.5. Data Analysis and Statistics


We checked the data distribution with histograms. We used Pearson’s correlation coefficient to assess the correlation between sagittal parameters and examined the evolution of all pelvic parameters with age. Finally, we compared the distribution of types in the two classifications. In theory, well-balanced patients should have Roussouly types 1–2 (low SS) corresponding to the new classification type A (low PI), with 3 and 4 corresponding to B (medium) and C (large), respectively.





3. Results


3.1. Clinico-Demographical Characteristics


Out of 25,292 children in our clinical files (31 July 2017), we identified 222 participants (Figure 1).



We divided the patients into four age groups, and we found some statistically, but not clinically, significant differences between the sexes and among age groups (Table 1).




3.2. Correlation Analyses


The percentage of correlations above 0.4 among the sagittal parameters was 22.2% in the whole sample, with no difference between sexes; this number significantly increased after age 14, reaching 50% (Table 2).



The correlations with age were all statistically significant but below 0.4. Looking at the age groups, SS increased with a statistically significant difference after age 14; this was also true for PI, but the difference was evident earlier, after age 10 (Figure 2).




3.3. Age-Related Effect on SS vs. PI


The adult Roussouly types 1–2 (37%) prevalence was higher than type 4 (15%) in the total population. This difference was more significant below age 10 (type 1–2: 36% and type 4: 10%, respectively) and decreased with growth: after age 15, types 1–2 and 4 had a prevalence of 28.5% and 32%, respectively. We did not find differences between sexes within the age groups. We defined the cut-offs for the Roussouly during growth and the new PI-based classifications according to the results in Table 3.



The values of the Roussouly classification correspond to the adult values after age 12, whilst those of the new classification continue to grow until at least age 14 (Table 4).




3.4. Correlations between the Roussouly SS-Based Classification and the New PI-Based One


We did not find overlap between the two classifications, but there was a balanced distribution of cases among the nine possible combinations (Table 5).





4. Discussion


This paper aimed to describe a healthy children cohort and test the Roussouly classification in children. With age, we found a different distribution of the Roussouly types with the need for growing SS and PI thresholds. We found lower correlations between sagittal balance parameters than previously published [8,9,12,22], but these correlations improve with age. Finally, we suggested a new classification based on PI anatomical thresholds as possibly more valuable during growth.



In the present cohort of children, SS and PI continuously increased (Figure 2). This result agrees with several studies showing that the sagittal profile of the spine changes from childhood to adolescence and adulthood [23,24,25]. The wide variability in the sagittal parameters can explain the very low correlation between age and SS/PI, albeit statistically significant. Given the cross-sectional design of this study, we could not observe and combine serial data to identify the age variations. As expected, we coherently found a considerable variation in the distribution of Roussouly types, favouring types 1–2 in younger-aged participants, confirming the need to define new thresholds for the Roussouly classification during growth.



Our findings and previous findings are worth noting [8,9,12,22], in that the youngest have the lowest correlations among sagittal balance parameters. Our explanatory hypothesis correlates with the gradually reducing body elasticity and corresponding increasing rigidity with growth [26]. The younger subjects have more sagittal compensations than adults available at the lower limb (such as genu recurvatum or foot pronation). Conversely, adult rigidity makes the sagittal spinal balance more regional, increasing the internal spinopelvic correlations. This hypothesis could contradict the correlation of spinal parameters higher with functional SS than anatomical PI, which we found in agreement with the literature. However, spinal parameters are all functional, and the spine continuously adjusts its position, with the pelvis synchronously adapting (SS), but within the range determined by its anatomy (PI). Since we measure the instantaneous sagittal balance of single-shot radiography, the position prevails on anatomy, in terms of instantaneous correlations. It has been well established that the long-term conservative treatment should plan results to achieve a functional adult spine [26]. The planning of such approaches requires a careful evaluation of the sagittal plane, aiming to preserve the balance or attempt to improve it, while taking advantage of growth. We expect that increased knowledge of growth effects on the sagittal parameters and the desired normative profile according to age and bone maturity would allow a better and more personalized treatment.



The revised values for the Roussouly classification must be applied in individuals under age 12, while, interestingly, from age 13, the values reach those of adulthood. The new classification provides more accurate data in children, with one more subgroup between ages 12 and 14; interestingly, only the type A threshold does not change after age 12. It is possible that the values in the group aged 15–18 years, in the new classification, could be maintained in adulthood; a specific study could verify this hypothesis. Interestingly, we did not find differences in pelvis parameters between sexes within the age groups. This was not expected, due to the known time lapse between female and male pubertal growth spurt. This result could lay the groundwork for future studies.



We examined the distribution of participants in the two classifications; there was no overlap between the two, and the distribution of cases was uniform and balanced among the nine possibilities. This result could confirm that the variability is probably due to positional factors that influence the Roussouly classification but not the new classification. Another possible explanation includes measurement error for both classifications, even though we found excellent intra- and good inter-operator reliability.



The main limitation of this study is the cross-sectional design, which does not allow observation of changes in each subject over time to determine spinal maturation fully. Nevertheless, it is unethical to prescribe serial radiographs with radiation exposure to define normative data and growth evolution in healthy children. A cross-sectional design is the only option, in line with Roussouly’s approach for his classification [16]. Another limitation is the relatively small sample size, though the sample size is comparable to other similar studies [11,21,23]. Again, this resulted from the difficulty in collecting radiographs from healthy subjects. In light of the current results, we suggest referring to PI in children to reduce the variability due to using a positional parameter, such as SS.




5. Conclusions


During growth, the classical Roussouly classification developed in adults needs an adaptation, and new thresholds (such as those described in the present study) should be used. We also propose a new classification based on the anatomical parameter PI, instead of the positional parameter SS. The new classification is correlated with the Roussouly classification but could be more useful in children when correlations between sagittal parameters are weaker and positional factors may play a central role. Further studies are needed to confirm its validity.
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Figure 1. Flow chart of the procedure used to identify the study group of normal healthy individuals from the prospective database. 
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Figure 2. Variation with the age of (A) Sacral Slope (SS) and (B) Pelvic Incidence (PI), and (C) differences between age groups. While correlations for SS and PI with age were low (0.182 and 0.236, respectively), the differences between age groups appeared statistically significant for SS after age 14 and for PI after age 10. 
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Table 1. Characteristics of the study population according to gender and age groups.
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	N (Females)
	Age
	TK
	LSA
	LL-L5
	LL-S1
	PI
	SS
	PT
	SSA
	SPA





	Total
	222 (121)
	12.04 ± 2.05
	46 ± 12
	12 ± 6
	48 ± 12
	60 ± 12
	43 ± 11
	38 ± 8
	5 ± 7
	295 ± 48
	342 ± 50



	Males
	101
	12.10 ± 2.04 *
	46 ± 12
	12 ± 6
	47 ± 12 *
	59 ± 12
	43 ± 10
	37 ± 8
	6 ± 7
	296 ± 50
	342 ± 49



	Females
	121
	11.11 ± 2.05 *
	46 ± 12
	12 ± 6
	50 ± 12 *
	62 ± 11
	45 ± 12
	39 ± 8
	5 ± 7
	294 ± 53
	339 ± 57



	Age < 10
	41 (25)
	8.10 ± 0.12 §
	44 ± 11
	12 ± 7
	43 ± 12
	56 ± 13 §
	39 ± 9
	35 ± 9
	4 ± 7
	294 ± 43
	345 ± 41



	Age 10–11
	59 (38)
	11.01 ± 0.07 §
	45 ± 12
	12 ± 6
	45 ± 10
	57 ± 10 §
	42 ± 10
	36 ± 8
	5 ± 7
	303 ± 51
	351 ± 80



	Age 12–14
	94 (48)
	12.12 ± 0.07 §
	46 ± 12
	11 ± 6
	50 ± 11
	61 ± 10
	44 ± 10
	38 ± 7
	6 ± 7
	288 ± 65
	334 ± 64 §



	Age 15–18
	28 (10)
	16.03 ± 0.10 §
	48 ± 14
	9 ± 5
	56 ± 14
	65 ± 16
	47 ± 10
	41 ± 10
	6 ± 8
	308 ± 61
	351 ± 92







* Statistically significant difference between sexes. § Statistically significant difference for the age group. Data are average ± standard deviation. Age is reported as years and months. TK: Thoracic Kyphosis; LSA: Lumbo-Sacral angle; LL-L5: Lumbar Lordosis measured at the lower plate of L5; LL-S1: Lumbar Lordosis measured at the upper plate of S1; PI: Pelvic Incidence; PT: Pelvic Tilt; SS: Sacral Slope; SSA: Spino-Sacral Angle; SPA: Spino-Pelvic Angle.
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Table 2. Correlation coefficients for pelvic and spinal sagittal balance in the total population and in the oldest (age 15–18) and youngest (age < 10) groups. Pearson’s coefficients higher than 0.4 are highlighted.
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LSA

	
LL-L5

	
LL-S1

	
PI

	
PT

	
SS

	
SSA

	
SPA






	
Total




	
TK

	
0.12379

	
0.27181

	
0.33752

	
−0.02800

	
0.00729

	
0.02145

	
0.24136

	
0.23914




	
LSA

	

	
−0.27042

	
0.23933

	
−0.05734

	
−0.28005

	
0.14565

	
0.02042

	
0.03279




	
LL-L5

	

	

	
0.87004

	
0.46718

	
−0.05265

	
0.69862

	
0.12490

	
0.01364




	
LL-S1

	

	

	

	
0.44180

	
−0.19650

	
0.77915

	
0.13641

	
0.03055




	
PI

	

	

	

	

	
0.50938

	
0.60745

	
−0.04062

	
−0.26776




	
PT

	

	

	

	

	

	
−0.19934

	
−0.04931

	
−0.16399




	
SS

	

	

	

	

	

	

	
0.21719

	
0.07057




	
SSA

	

	

	

	

	

	

	

	
0.97357




	
Age < 10




	
TK

	
0.14339

	
0.21667

	
0.30200

	
−0.07837

	
−0.00041

	
−0.03350

	
0.24914

	
0.25617




	
LSA

	

	
−0.31544

	
0.23550

	
−0.05483

	
−0.25068

	
0.12579

	
0.02766

	
0.03839




	
LL-L5

	

	

	
0.84797

	
0.41885

	
−0.05058

	
0.66367

	
0.09366

	
−0.00041




	
LL-S1

	

	

	

	
0.39835

	
−0.19182

	
0.74996

	
0.11137

	
0.02102




	
PI

	

	

	

	

	
0.52450

	
0.59034

	
−0.07512

	
−0.28787




	
PT

	

	

	

	

	

	
−0.17418

	
−0.04655

	
−0.15785




	
SS

	

	

	

	

	

	

	
0.19202

	
0.05706




	
SSA

	

	

	

	

	

	

	

	
0.97659




	
Age 15–18




	
TK

	
0.06796

	
0.52605

	
0.48408

	
0.26918

	
0.03967

	
0.24380

	
0.11543

	
−0.16457




	
LSA

	

	
0.22691

	
0.51642

	
0.10267

	
−0.51620

	
0.52570

	
0.35696

	
0.30119




	
LL-L5

	

	

	
0.95118

	
0.68737

	
−0.11429

	
0.79813

	
0.56233

	
−0.10904




	
LL-S1

	

	

	

	
0.63692

	
−0.26408

	
0.86837

	
0.60756

	
−0.00042




	
PI

	

	

	

	

	
0.42817

	
0.67702

	
0.61383

	
−0.39618




	
PT

	

	

	

	

	

	
−0.37520

	
−0.31597

	
−0.84282




	
SS

	

	

	

	

	

	

	
0.88694

	
0.28001




	
SSA

	

	

	

	

	

	

	

	
0.48165








Abbreviations: TK: Thoracic Kyphosis; LSA: Lumbo-Sacral angle; LL-L5: Lumbar Lordosis measured at the lower plate of L5; LL-S1: Lumbar Lordosis measured at the upper plate of S1; PI: Pelvic Incidence; PT: Pelvic Tilt; SS: Sacral Slope; SSA: Spino-Sacral Angle; SPA: Spino-Pelvic Angle.
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Table 3. Sacral slope (SS) and pelvic incidence (PI) variations with age.
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Sacral Slope (SS)

	
Pelvic Incidence (PI)




	
Total

	
Sex

	
Age Group

	
Total

	
Sex

	
Age Group




	
Males

	
Females

	
<10

	
10–11

	
12–14

	
15–18

	
Males

	
Females

	
<10

	
10–11

	
12–14

	
15–18






	
Average

	
38 ± 8

	
37 ± 8

	
37 ± 8

	
35 ± 9

	
36 ± 8

	
38 ± 7

	
41 ± 10

	
43 ± 11

	
43 ± 10

	
45 ± 12

	
39 ± 9

	
42 ± 10

	
44 ± 10

	
47 ± 10




	
1st quartile

	
32

	
32

	
33

	
29

	
30

	
34

	
34

	
36

	
36

	
38

	
33

	
35

	
38

	
42




	
3rd quartile

	
43

	
43

	
44

	
40

	
42

	
43

	
48

	
50

	
50

	
50

	
45

	
47.5

	
52

	
54




	
p

	

	
NS

	
<0.05 (<14 vs. 15–18)

	

	
NS

	
<0.05 (<10 vs. 10–18)
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Table 4. Newly defined limits in the Roussouly classification of sacral slope (SS) to distinguish the different types in different age groups during growth. Limits of pelvic incidence (PI) for the new classification in different age groups during growth. Distribution of the Roussouly classification and the new classification types in the different groups.
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Roussouly Classification

	
New Classification




	

	
Age < 11

	
Age 12–18

	

	
Age < 11

	
Age 12–14

	
Age 15–18




	
SS

	
%

	
SS

	
%

	
PI

	
%

	
PI

	
%

	
PI

	
%






	
type 1

	
<29

	
6%

	
<34

	
6%

	
type A

	
<34

	
29%

	
<39

	
34%

	
<39

	
14%




	
type 2

	
19%

	
24%




	
type 3

	
30–40

	
46%

	
35–45

	
49%

	
type B

	
35–45

	
39%

	
40–50

	
41%

	
40–55

	
64%




	
type 4

	
41>

	
29%

	
46>

	
21%

	
type C

	
46>

	
32%

	
51>

	
25%

	
56>

	
21%








Abbreviations: SS = sacral slope; PI = pelvic incidence.
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Table 5. Correlations between the growing age Roussouly classification and the new classification among the different groups. Theoretically, the corresponding types between the two classifications should be A with 1–2, B with 3 and C with 4, respectively. The last line reports the “correct” corresponding types. With growth the two classifications become closer.






Table 5. Correlations between the growing age Roussouly classification and the new classification among the different groups. Theoretically, the corresponding types between the two classifications should be A with 1–2, B with 3 and C with 4, respectively. The last line reports the “correct” corresponding types. With growth the two classifications become closer.





	
Roussouly Classification

	
New Classification




	
Age < 11

	
Age 12–14

	
Age 15–18




	
Types

	
A

	
B

	
C

	
A

	
B

	
C

	
A

	
B

	
C






	
1–2

	
17%

	
6%

	
2%

	
25%

	
6%

	
0

	
14%

	
14%

	
0




	
3

	
12%

	
23%

	
11%

	
7%

	
29%

	
16%

	
0

	
36%

	
4%




	
4

	
0

	
10%

	
19%

	
2%

	
6%

	
9%

	
0

	
14%

	
18%




	
Corresponding types

	
59%

	
63%

	
68%
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