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RESUMO 

 

Introdução: O hiperparatireoidismo primário (PHPT) apresenta-se, nos dias atuais, como 

uma doença assintomática ou oligossintomática, diagnosticado pelo achado fortuito de 

hipercalcemia. Nesta forma da doença, densitometria óssea revela diminuição de 

densidade mineral óssea areal (aBMD) em sítio cortical (rádio 33%), enquanto aBMD na 

coluna lombar, composta quase exclusivamente por osso trabecular, é usualmente normal. 

Estudos por microtomografia computadorizada (µCT) e histomorfometria de biópsia 

óssea de crista ilíaca confirmam preservação de osso trabecular. Esses achados 

contradizem o risco aumentado de fraturas vertebrais e não vertebrais no PHPT 

assintomático. Tecnologias emergentes, como a tomografia computadorizada quantitativa 

periférica de alta resolução (HRpQCT) e escore de osso trabecular (TBS) podem gerar 

informações adicionais sobre a microarquitetura e qualidade óssea em pacientes com 

PHPT. Além disso, análise de trabécula individual (ITS) e análise de elementos finitos 

(FEA) das imagens de HRpQCT fornecem dados detalhados da microestrutura trabecular 

e rigidez óssea, que se relacionam à competência biomecânica do esqueleto e risco de 

fratura.  

Objetivos: Avaliar os compartimentos cortical e trabecular por HRpQCT e FEA, e o 

compartimento trabecular através da técnica de ITS em mulheres na pós-menopausa com 

PHPT, comparando-as com controles saudáveis. Correlacionar TBS com medidas por 

HRpQCT no PHPT. 

Pacientes e métodos: 51 mulheres na pós menopausa portadoras de PHPT e 120 

controles saudáveis foram avaliados por HRpQCT, ITS e FEA. TBS foi estimado em 

subgrupo de 22 mulheres com PHPT. 

Resultados: aBMD da coluna lombar avaliada por densitometria óssea foi similar em 

pacientes e controles. No entanto, resultados da HRpQCT revelaram redução importante 

da densidade volumétrica total, cortical e trabecular em indivíduos com PHPT. Não 

apenas redução da espessura cortical, mas também maior espaçamento entre as trabéculas 

e distribuição trabecular heterogênea foram observadas no rádio e na tíbia de pacientes 

com PHPT. No rádio, observou-se ainda redução da espessura e número trabecular. 

Alterações trabeculares foram mais evidentes no rádio do que na tíbia. ITS revelou, em 

ambos sítios ósseos, redução das trabéculas em placa, com consequente redução da razão 

placa-haste. Diminuição da densidade de junções entre placas e entre hastes e placas 

foram observadas no rádio e tíbia. No rádio, houve também diminuição da densidade de 
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junções entre hastes. Essas anormalidades trabeculares e corticais resultaram em 

diminuição da rigidez do osso inteiro e trabecular. TBS correlacionou-se com índices 

determinados pela HRpQCT no rádio, com exceção de espessura trabecular (Tb.Th) e 

rigidez trabecular. Na tíbia, correlações foram observadas entre TBS e densidades 

volumétricas, espessura cortical, volume ósseo trabecular e rigidez de osso inteiro. Neste 

sítio ósseo, correlação de TBS com todas as medidas de microarquitetura trabecular, 

exceto Tb.Th, foi observada após ajuste para peso corporal.  

Conclusão: Anormalidades da densidade e microarquitetura esquelética são universais no 

PHPT, não se limitando ao compartimento cortical, explicando o achado de redução da 

rigidez óssea total e trabecular e, possivelmente, risco aumentado de fratura no PHPT. 

Uma vez que HRpQCT não é um exame amplamente disponível em nosso meio, o achado 

de correlação significativa entre TBS e HRpQCT indica que o TBS poderia tornar-se útil 

na avaliação clínica desses pacientes.  

 

Descritores: hiperparatireoidismo primário, paratormônio, tomografia computadorizada 

quantitativa periférica de alta resolução (HRpQCT), escore de osso trabecular (TBS), 

análise de trabécula individual (ITS), análise de elementos finitos (FEA). 

  



 

 

9 

ABSTRACT 

 

Introduction: Primary hyperparathyroidism (PHPT) is predominantly an asymptomatic 

disease, diagnosed by the fortuitous finding of hypercalcemia. Typically, in this milder 

form of the disease, areal bone mineral density (aBMD) by DXA is reduced at the 1/3 

radius, a site of predominantly cortical bone, while the lumbar spine, a site of 

predominantly cancellous bone, is generally well preserved. Histomorphometric and 

micro-computed tomography (µCT) analyses of iliac crest bone biopsies have confirmed 

these DXA results in PHPT by showing reduced cortical elements whereas the trabecular 

compartment appears to be relatively well preserved. These findings, however, are 

inconsistent with numerous epidemiological reports showing an increased in fracture risk 

at both vertebral and non-vertebral sites in PHPT. Emerging technologies, such as high-

resolution peripheral quantitative computed tomography (HRpQCT), and trabecular bone 

score (TBS) may provide additional insight into microstructural features and bone quality 

in PHPT. Moreover, individual trabecula segmentation (ITS) and finite element analysis 

(FEA) of HRpQCT images offer even more detailed information about trabecular bone 

and bone stiffness, estimating the biomechanical competence of bone, and fracture risk in 

PHPT  

Aims: To evaluate both cortical and trabecular compartments by HRpQCT and FEA, and 

the trabecular compartment by ITS analysis, in postmenopausal women with PHPT, as 

compared to healthy controls. To correlate TBS with HRpQCT measurements in PHPT. 

Patients and Methods: HRpQCT, ITS and FE analyses were performed in 51 

postmenopausal women with PHPT and 120 controls. TBS was assessed in a subgroup of 

22 women with PHPT. 

Results: aBMD at the lumbar spine by DXA was similar in cases and controls. However, 

women with PHPT showed, at both sites, decreased volumetric densities at trabecular and 

cortical compartments, thinner cortices, and more widely spaced and heterogeneously 

distributed trabeculae. At the radius, trabeculae were thinner and fewer in PHPT. The 

radius was affected to a greater extent in the trabecular compartment than the tibia. ITS 

analyses revealed, at both sites, that plate-like trabeculae were depleted, with a resultant 

reduction in the plate/rod ratio. Microarchitectural abnormalities were evident by 

decreased plate-rod and plate-plate junctions at the radius and tibia, and rod-rod junctions 

at the radius. These trabecular and cortical abnormalities resulted in decreased whole 

bone stiffness and trabecular stiffness. TBS was correlated with all HRpQCT and 
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mechanical measurements except for trabecular thickness (Tb.Th), and trabecular 

stiffness at the radius. At the tibia, correlations were observed between TBS and 

volumetric densities, cortical thickness, trabecular bone volume, and whole bone 

stiffness. All indices of trabecular microarchitecture, except Tb.Th, correlated with TBS 

after adjusting for body weight.  

Conclusion: These results provide evidence that in PHPT, reduced volumetric densities 

and microstructural abnormalities are pervasive and not limited to the cortical 

compartment. These abnormalities seen by HRpQCT are likely to reflect reduced bone 

strength and may help to account for increased global fracture risk in PHPT. With 

significant correlations of TBS with mechanical and microstructural indices by HRpQCT, 

a method that is not generally available, TBS could become a helpful clinical tool in the 

assessment of trabecular microstructure in PHPT. 

 

 

Key words: primary hyperparathyroidism, parathyroid hormone, high-resolution 

peripheral quantitative computed tomography (HRpQCT), trabecular bone score (TBS), 

individual trabecular segmentation (ITS), finite element analysis (µFEA). 
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1- INTRODUÇÃO: 

 

 

1.1- Hiperparatireoidismo Primário: 

Hiperparatireoidismo primário (PHPT) é uma doença endócrina comum causada por 

disfunção de uma ou mais glândulas paratireoides, resultando, tipicamente, em 

hipercalcemia e níveis elevados ou inapropriadamente normais de paratormônio (PTH) 

(BRINGHURST et al., 2008). Constitui a causa mais comum de hipercalcemia em 

pacientes ambulatoriais. As mulheres são mais afetadas que os homens, em uma relação 

de 3:1. O pico de incidência da doença é a sexta década de vida, sendo raramente 

encontrada em indivíduos menores de 15 anos de idade (VIEIRA, 2007; BRINGHURST 

et al., 2008).  

 

O excesso de PTH leva a maior reabsorção renal de cálcio, fosfatúria, aumento da síntese 

de 1,25 diidroxi-vitamina D [1,25(OH)2D] e aumento da reabsorção óssea, perpetuando a 

hipercalcemia. Os resultados dessas ações evidenciam-se nas manifestações bioquímicas 

da doença, que além de hipercalcemia, cursa com hipofosfatemia, ou, mais comumente, 

fósforo sérico no limite inferior da normalidade, redução dos níveis séricos de 25 hidroxi-

vitamina D (25OHD) e aumento dos níveis circulantes de 1,25(OH)2D (HOLICK, 2007; 

BILEZIKIAN, 2012). Calciúria de 24 horas é normal ou aumentada, devido ao aumento 

da carga filtrada de cálcio. Marcadores de remodelação óssea são tipicamente elevados, 

indicando aumento da reabsorção e formação ósseas (BILEZIKIAN, 2012).  

 

 

1.1.1- Etiologia e patogênese: 

O PHPT é causado, em 80% dos casos, por adenoma de uma das glândulas paratireoides. 

Múltiplos adenomas são encontrados em 2 a 4% dos pacientes, e algumas vezes, esses 

tumores benignos localizam-se em regiões anatômicas que não as lojas paratireoidianas. 

Adenomas ectópicos são encontrados, mais comumente, dentro da glândula tireoide, 

mediastino superior ou timo (BILEZIKIAN et al., 2012). Em aproximadamente 15% dos 

pacientes, o PHPT é causado por hiperplasia das 4 glândulas paratireoides e, muito 

raramente, em menos de 1% dos casos, câncer de paratireoide é a causa do PHPT 

(BRINGHURST et al., 2008). Nesses casos, a doença tende a apresentar-se de forma 
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mais grave, com níveis calcêmicos muito elevados e sintomas evidentes (MARCOCCI et 

al., 2008). 

 

Na grande maioria dos casos, o PHPT é esporádico e causado por mutação no DNA das 

células principais da paratireoide, ocasionando sua expansão clonal, com consequente 

formação do adenoma (ARNOLD et al., 1988). Mutações somáticas ativadoras do 

oncogene  Cyclin D1, ou inativadoras do gene supressor de tumor MEN1 foram descritas 

em pacientes portadores de adenoma da paratireoide (ARNOLD et al., 2002). A origem 

do PHPT esporádico causado por hiperplasia das paratireoides é desconhecida, mas 

acredita-se que estímulos extra-paratireoidianos ou anormalidades genéticas presentes nas 

quatro glândulas contribuam para a proliferação celular anormal observada nessa 

condição (BRINGHURST et al., 2008). Diferente do adenoma, a hiperplasia resulta de 

uma expansão policlonal das células principais da paratireoide (ARNOLD et al., 1988). 

Em casos esporádicos de carcinoma de paratireoide, mutações somáticas foram 

identificadas nos genes HRPT2, Cyclin D1, Rb, p53 e BRCA2 (MARCOCCI et al., 2008). 

 

As formas hereditárias de PHPT são raras, mas seu conhecimento é de fundamental 

importância, uma vez que requerem manejo diferenciado (SARQUIS et al., 2008). As 

principais formas familiares de PHPT são as síndromes de neoplasia endócrina múltipla 

tipo 1 (MEN-1) e 2a (MEN-2a) e a síndrome hiperparatireoidismo-tumor de mandíbula 

(HPT-JT), associadas a mutações germinativas nos genes MEN1, RET e HRPT2, 

respectivamente (BRANDI et al., 2001). Além do PHPT, presente em quase 100% dos 

portadores de MEN-1, tumores hipofisários e de ilhotas pancreáticas caracterizam essa 

síndrome. Na MEN-2a, caracterizada por carcinoma medular de tireoide e 

feocromocitoma, PHPT é evidente em apenas 5 a 20% dos pacientes. As duas condições 

manifestam-se em indivíduos mais jovens e, quando presente, o PHPT é mais 

frequentemente causado por hiperplasia (MARX et al., 2002). Na síndrome HPT-JT, 

tumores fibrosos da mandíbula associam-se ao quadro de PHPT, sendo o carcinoma de 

paratireoide mais incidente nessa entidade (MARX et al., 2002). Finalmente, o 

hiperparatireoidismo familiar isolado, outra forma hereditária de PHPT, não se 

acompanha de manifestações clínicas ou marcadores genéticos definidos (SIMONDS et 

al., 2002).  
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1.1.2- Apresentação clínica do PHPT – forma clássica 

Manifestações clínicas do PHPT resultam de sinais e sintomas relacionados à 

hipercalcemia (fraqueza muscular, depressão, apatia, poliúria, desidratação, constipação 

intestinal, coma), aumento da excreção renal de cálcio (nefrocalcinose, nefrolitíase, 

insuficiência renal) e/ou aumento da reabsorção óssea (osteíte fibrosa cística e fraturas 

por fragilidade) (VIEIRA, 2007; BRINGHURST et al., 2008).  

 

Os primeiros relatos de PHPT retratam uma condição de alta morbi-mortalidade 

(WILSON et al., 1964). Sintomas neuro-psiquiátricos incluíam cefaleia, depressão, 

confusão mental, letargia e coma. Em 1949, Patten e colegas descreveram síndrome 

neuromuscular própria do PHPT, caracterizada por fraqueza muscular simétrica 

periférica, distúrbio da marcha, atrofia muscular, hiperreflexia generalizada e 

fasciculações da língua (PATTEN et al., 1974). Sintomas gastro-intestinais como 

anorexia, náusea, vômitos e constipação eram observados com frequência. Além disso, 

pancreatite aguda e úlceras pépticas foram descritas em associação com a doença 

(KEATING, 1961). Poliúria e polidipsia graves, algumas vezes diagnosticadas como 

diabetes insipidus, foram também relatadas (COPE, 1966). Redução da função renal, 

nefrocalcinose e nefrolitíase eram evidentes. Antes de 1965, nefrolitíase era observada em 

até 80% dos pacientes com PHPT (KEATING, 1961; WILSON et al., 1964). Nessa 

época, o diagnóstico de PHPT envolvia testes metabólicos complexos, uma vez que a 

dosagem sérica de PTH tornou-se disponível anos depois, em 1963 (BERSON et al., 

1963).  

 

O envolvimento esquelético característico do PHPT, osteíte fibrosa cística, foi reportado 

pela primeira vez em 1891, por von Recklinghausen. No entanto, o reconhecimento de 

disfunção das paratireoides como causa da doença óssea deu-se mais tarde, em 1925, 

quando Mandl observou, em paciente jovem do sexo masculino, remissão das lesões 

ósseas após remoção cirúrgica de tumor da paratireoide (ALBRIGHT, 1948). Em 1926, 

Albright, Aub e Bauer estudaram o primeiro paciente diagnosticado com PHPT nos EUA, 

cujo adenoma de paratireoide, localizado na região torácica, foi removido após 6 

explorações cirúrgicas mal sucedidas (ALBRIGHT, 1948). Antes da localização do 

adenoma, o paciente foi tratado clinicamente com dieta rica em cálcio, o que, apesar de 

aumentar seus níveis calcêmicos, contribuiu significativamente para melhora de sua 

doença óssea (POTTS, 2005). Nas décadas subsequentes, osteíte fibrosa cística foi 
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observada em vários pacientes com PHPT (KEATING, 1961; WILSON et al., 1964; 

COPE, 1966; MALLETTE et al., 1974). Achados característicos dessa condição são: 1- 

desmineralização óssea generalizada; 2- reabsorção subperióstea, mais evidente em 

falanges e região distal das clavículas; 3- aspecto em “sal e pimenta” à radiografia de 

crânio; 4- cistos ósseos, normalmente múltiplos, mais frequentes em metacarpos, ossos 

longos, pélvis e crânio; 5- osteoclastomas ou tumores marrons, que são tumores 

compostos por múltiplos osteoclastos e células estromais, encontrados mais 

frequentemente em ossos longos, costelas e mandíbula; e 6: fraturas patológicas. 

Clinicamente, pacientes acometidos por osteíte fibrosa cística podem apresentar dor 

óssea, cifose torácica, redução de estatura e colapso lateral da costela ou pélvis 

(BRINGHURST et al., 2008). 

 

 

1.1.3- Apresentação clínica do PHPT nos dias atuais 

Após a década de 70, a instituição de dosagens de cálcio em exames de rotina mudou 

consideravelmente a forma de apresentação do PHPT em países desenvolvidos. Nos dias 

atuais, o PHPT é uma doença sobretudo assintomática, sendo descoberta pelo achado 

fortuito de hipercalcemia (SILVERBERG et al., 1999; ADAMI et al., 2002; 

BILEZIKIAN et al., 2005; RUBIN et al., 2008). No Brasil, a frequência de pacientes 

sintomáticos ainda é considerável, constituindo cerca de 40 a 50% dos casos (KULAK et 

al., 1998; OHE et al., 2005; BANDEIRA et al., 2006). Estudo brasileiro mais recente 

envolvendo 91 pacientes portadores de PHPT evidenciou nefrolitíase e fratura por 

fragilidade em 52 e 4% dos casos, respectivamente (NEVES et al., 2012). No entanto, 

observa-se, também em nosso meio, redução da frequência de doença sintomática nos 

últimos anos (OHE et al., 2005).  

 

A forma assintomática ou oligossintomática de PHPT apresenta-se, com frequência, com 

hipercalcemia leve e, portanto, sintomas sistêmicos decorrentes de elevação da calcemia 

estão, tipicamente, ausentes. Da mesma forma, nefrolitíase é reportada em apenas 10 a 

25% dos casos (MOLLERUP et al., 2002; RUBIN et al., 2008). Sintomas 

neuropsiquiátricos como fraqueza, esquecimento, cansaço fácil, depressão e ansiedade, 

podem estar presentes mesmo nas formas leves de PHPT, podendo ou não melhorar com 

o tratamento cirúrgico da doença (PASIEKA et al., 2002; QUIROS et al., 2003; 

BOLLERSLEV et al., 2007; WALKER et al., 2009). Sintomas cardiovasculares como 
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hipertensão arterial, hipertrofia de ventrículo esquerdo, espessamento da camada médio-

intimal da artéria carótida, calcificação miocárdica e valvular também foram reportados 

em vários estudos, mas não confirmados por outros (SILVERBERG et al., 2009; 

WALKER et al., 2010; CARRELLI et al., 2012; IWATA et al., 2012). Da mesma forma, 

a melhora desses parâmetros não é regra após paratireoidectomia, e portanto, a 

importância desses achados no PHPT assintomático requer investigação adicional 

(SILVERBERG et al., 2009). 

 

O achado de osteíte fibrosa cística em pacientes com PHPT é raro nos dias atuais. Em 

pacientes com PHPT assintomático, o acometimento esquelético é notado sobretudo pelo 

achado de osteoporose.  No entanto, diferente de outras causas secundárias de 

osteoporose, o padrão de redução da densidade mineral óssea areal (aBMD) por medida 

da absorção de raio-X de dupla energia (DXA) é compatível com perda óssea cortical e 

preservação óssea trabecular. Esse conceito fundamenta-se na observação de que há 

propensão para maior redução da aBMD em rádio 33%, sítio ósseo composto 

predominantemente por osso cortical. Por outro lado, aBMD em coluna lombar, sítio 

ósseo essencialmente trabecular, tende a ser preservada quando comparada a indivíduos 

controle da mesma idade (SILVERBERG et al., 1989; RUBIN et al., 2008) (Figura 1). 

Confirmando esses achados densitométricos, histomorfometria de biópsia de crista ilíaca 

revela deterioração do compartimento cortical e preservação do compartimento trabecular 

em homens e mulheres na pré e pós menopausa portadores de PHPT. Quando 

comparados a controles da mesma idade e sexo, pacientes com PHPT possuem espessura 

cortical reduzida. No entanto, apresentam volume ósseo trabecular (BV/TV), número de 

trabéculas (Tb.N) e densidade da conectividade trabecular (Conn.D) maiores ou similares 

ao grupo controle (PARISIEN et al., 1990; CHRISTIANSEN et al., 1992; PARISIEN et 

al., 1992; PARISIEN et al., 1995). Em pacientes com PHPT, separação trabecular 

(Tb.Sp) é menor (PARISIEN et al., 1990) e espessura trabecular (Tb.Th) é menor ou 

similar a controles normais (PARISIEN et al., 1990; CHRISTIANSEN et al., 1992). Da 

mesma forma, análise de biópsia de crista ilíaca por microtomografia computadorizada 

(µCT) confirmou que, quando comparadas a mulheres sadias na pós menopausa, 

mulheres na pós menopausa com PHPT apresentam BV/TV e Conn.D aumentados, e 

Tb.Sp diminuída (DEMPSTER et al., 2007). Mulheres na pré-menopausa com PHPT 

possuem BV/TV semelhante a mulheres sadias de mesmo estado menopausal (Figura 2). 
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Figura 1: Padrão densitométrico típico do hiperparatireoidismo primário nos dias atuais. 

Densidade mineral óssea areal da coluna lombar, colo do fêmur e rádio apresentada em 

comparação a valores esperados para controles normais. 

Adaptado de (SILVERBERG et al., 1989) 

 

 
 

Figura 2: Microarquitetura em mulheres saudáveis e com PHPT. Reconstruções em 3D 

de imagens de microtomografia computadorizada de osso trabecular em mulheres com 

PHPT na pré e pós-menopausa (B e D) e controles sadios (A e C).  

Adaptado de (DEMPSTER et al., 2007). 

 

 

1.1.4- Risco de fratura no PHPT 

Apesar do padrão densitométrico típico do PHPT, com redução preferencial da aBMD em 

sítio cortical, confirmada por achados inequívocos de preservação de microarquitetura e 

volume trabecular em biópsias de crista ilíaca, numerosos estudos identificaram risco 

aumentado de fratura vertebral e não vertebral em pacientes com PHPT 
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(KOCHERSBERGER et al., 1987; KHOSLA et al., 1999; VESTERGAARD and 

MOSEKILDE, 2003; VIGNALI et al., 2009; YU et al., 2010). Pacientes avaliados nesses 

estudos eram, em sua maioria, portadores da forma assintomática da doença, e o número 

de indivíduos avaliados variou de 150 a 1.700. Risco global de fratura, assim como risco 

de fratura vertebral, pélvica, em costela e rádio foram maiores em pacientes com PHPT 

do que em indivíduos controles. Fratura de fêmur foi marginalmente mais incidente em 

indivíduos com PHPT (KHOSLA et al., 1999). Análise prospectiva avaliando quase 

2.000 pacientes com PHPT evidenciou aumento do risco de fratura de fêmur apenas em 

um subgrupo de homens submetidos a paratireoidectomia para tratamento da doença, mas 

não em toda a população do estudo (LARSSON et al., 1993). Finalmente, risco de fratura 

vertebral foi semelhante em pacientes com PHPT assintomático e controles históricos 

(WILSON et al., 1988). Apesar de alguns achados divergentes, grande maioria dos 

relatos aponta para risco aumentado de fraturas em PHPT e, portanto, reavaliação do 

conceito estabelecido de preservação do osso trabecular nessa entidade faz-se necessária. 

 

Métodos de imagem não invasivos que permitam a avaliação individualizada dos 

compartimentos trabecular e cortical poderiam trazer informações adicionais e ser mais 

pertinentes à discussão do risco de fratura no PHPT assintomático. De fato, estudos de 

pacientes com PHPT por tomografia computadorizada quantitativa periférica (pQCT), 

avaliando tanto o rádio (CHEN et al., 2003), quanto a tíbia (CHAROPOULOS et al., 

2006), evidenciam efeitos negativos do PTH em ambos os compartimentos esqueléticos. 

Esta tecnologia permite, através da avaliação de sítios periféricos com resolução de 500 a 

590µm, a diferenciação dos compartimentos cortical e trabecular, além de avaliar a 

geometria óssea. Mais recentemente, estudo por tomografia computadorizada quantitativa 

periférica de alta resolução (HRpQCT), revelou perda óssea tanto cortical quanto 

trabecular em rádio distal em mulheres com PHPT (HANSEN et al., 2010). Este estudo, 

no entanto, envolveu apenas 26 pacientes com PHPT e, as alterações em osso trabecular 

não foram confirmadas na tíbia. Além do mais, não se estudou se as alterações  estruturais 

encontradas afetariam a competência biomecânica do osso. Portanto, estudos adicionais 

para avalição esquelética de pacientes com PHPT, utilizando técnicas de imagem não 

invasivas, que permitam análise do esqueleto trabecular com mais acurácia, poderiam 

trazer informações adicionais a respeito da qualidade óssea nessa doença, ampliando 

nosso conhecimento acerca do risco de fratura em pacientes com PHPT.  
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1.2- Tomografia Computadorizada Quantitativa periférica de Alta Resolução 

(HRpQCT): 

HRpQCT é um método não invasivo que permite a avaliação in vivo da geometria, 

densidade mineral óssea volumétrica (vBMD) e microarquitetura dos compartimentos 

cortical e trabecular (BURGHARDT et al., 2011). A utilização da HRpQCT para 

avaliação esquelética no PHPT é particularmente atraente, uma vez que acredita-se que o 

PTH exerça ações diferentes nos compartimentos cortical e trabecular. Além de avaliar 

geometria, vBMD e microarquitetura, métodos adicionais de avaliação têm sido aplicados 

a imagens de HRpQCT para avaliação mais detalhada da estrutura trabecular e da 

competência biomecânica do esqueleto.   

 

HRpQCT foi desenvolvida para o estudo in vivo da extremidade distal do rádio e da tíbia 

com resolução suficiente (tamanho de voxel= 82 µm) para fornecer informações acerca 

da microestrutura trabecular e cortical, disponíveis anteriormente apenas através de 

estudos histomorfométricos de biópsia óssea. Além de ser um método de alta resolução, 

HRpQCT tem a vantagem de oferecer uma dose de radiação ionizante baixa (radiação 

efetiva de 1 a 3 mSv), não expondo órgãos internos aos efeitos nocivos da radiação 

(DAMILAKIS et al., 2010). No entanto, a HRpQCT é uma técnica de alto custo e, 

portanto, poucos centros médicos no mundo têm acesso a essa tecnologia. Apesar de 

avaliar o rádio distal, área comumente sujeita a fratura osteoporótica (Fratura de Colles), 

HRpQCT não avalia sítios ósseos centrais como fêmur e coluna lombar, importantes 

alvos de fratura por fragilidade.  

 

O instrumento utilizado para a realização do exame é fornecido atualmente por um único 

fabricante (XtremeCT; Scanco Medical AG, Brüttisellen, Suíça). Para a realização do 

exame, uma primeira imagem da região de interesse é adquirida em posição ântero-

posterior e uma linha de referência é traçada na região distal do rádio e da tíbia. Uma 

série de 110 imagens paralelas sequenciais são então adquiridas, sendo a primeira obtida 

a 9,5 mm proximal à linha de referência do rádio e 22,5 mm proximal à linha de 

referência da tíbia. As imagens são reconstruídas, fornecendo uma imagem em 3 

dimensões com 9 mm de comprimento (BOUTROY et al., 2005; KHOSLA et al., 2006).  

 

Análise da imagem reconstruída se dá a partir de um protocolo padrão fornecido pelo 

fabricante. Os parâmetros fornecidos por essa análise-padrão e utilizados nesse trabalho 
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são: área total, que equivale à área de secção transversal; densidade mineral óssea 

volumétrica total (Total vBMD), cortical (Ct.vBMD) e trabecular (Tb.vBMD); espessura 

cortical (Ct.Th); volume ósseo trabecular (BV/TV); número trabecular (Tb.N); espessura 

trabecular (Tb.Th); separação trabecular (Tb.Sp) e desvio padrão da separação trabecular 

(Tb.Sp.SD). Essas variáveis são calculadas diretamente, ou a partir do cálculo das 

variáveis estimadas de forma direta.1 

 

Apesar de apresentar correlação modesta com a histomorfometria quando diferentes 

regiões ósseas são avaliadas (COHEN A., et al., 2010), medidas de microarquitetura 

avaliados por HRpQCT correlacionam-se significativamente com resultados de 

histomorfometria ou µCT avaliados em mesmas regiões ósseas (MACNEIL and BOYD, 

2007; BOUTROY et al., 2011). Estudos clínicos iniciais para avaliação do método 

demonstraram que a HRpQCT é capaz de detectar diferenças na microestrutura óssea 

entre homens e mulheres, bem como alterações relacionadas ao envelhecimento ou a 

outras causas de perda óssea (BOUTROY et al., 2005; KHOSLA et al., 2006). Mais 

recentemente, vários estudos confirmaram que medidas de densidade mineral óssea 

volumétrica e microarquitetura  óssea por HRpQCT distinguem indivíduos com história 

de fraturas vertebrais e não vertebrais de controles normais, independentemente de aBMD 

em rádio ultra-distal ou fêmur total (SORNAY-RENDU et al., 2007; VICO et al., 2008; 

STEIN et al., 2010; STEIN et al., 2011; STEIN et al., 2012). 

 

 

 

 
1As seguintes variáveis são calculadas de modo direto: área total, Total vBMD, Ct.vBMD, Tb.VBMD, 

Ct.Th e Tb.N. O cálculo do BV/TV é derivado de Tb.vBMD, assumindo que um osso totalmente 

mineralizado tem densidade de 1.200 mg de hidroxiapatita por centímetro cúbico (BV/TV (%)= 100 X 

(Tb.vBMD/1.200). Uma vez que a HRpQCT tem resolução suficiente para medir a distância entre as 

trabéculas, a medida do Tb.N é determinada diretamente medindo o inverso do distância média entre as 

trabéculas. Por outro lado, a espessura média das trabéculas, entre 100 e 150µm, limita sua visualização, 

uma vez que cada trabécula ocupa 1 a 2 voxels. Dessa forma seu cálculo é derivado de BV/TV e Tb.N: 

Tb.Th= (BV/TV)/ Tb.N. O cálculo da Tb.Sp é feito de maneira semelhante (Tb.Sp=(1−BV/TV)/Tb.N). 
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1.2.1- Análise de trabécula individual (ITS) 

Análise de trabécula individual (ITS) é uma nova técnica de análise do compartimento 

trabecular em imagens de alta resolução. A técnica foi desenvolvida por Liu e Guo (LIU 

et al., 2008) e inicialmente aplicada a imagens de µCT obtidas de amostras ósseas de colo 

de fêmur, tíbia proximal e vértebras lombares. Mais recentemente, ITS foi validada para 

análise de imagens de HRpQCT (LIU et al., 2011a).  

 

A estrutura do osso trabecular é constituída por uma rede interconectada de hastes e 

placas. A técnica de ITS consiste em identificar cada trabécula óssea, classificando-a 

como haste ou placa, e analisando sua orientação dentro do compartimento trabecular, ou 

seja, se cada haste ou placa se dispõe de maneira transversal, longitudinal ou oblíqua em 

relação ao eixo ósseo axial (LIU et al., 2008). À partir da caracterização de cada elemento 

trabecular é possível estimar a fração do volume ósseo trabecular representada por placas 

e hastes (pBV/TV e rBV/TV, respectivamente) e a razão entre essas duas medidas (razão 

P-R). Da mesma forma, determina-se o número e espessura de cada tipo trabecular - 

número de placas e hastes (pTb.N e rTb.N) e espessura média de placas e hastes (pTb.Th 

e rTb.Th). O comprimento médio das trabéculas em haste (rTb. ℓ) e a área de superfície 

média das trabéculas em placa (pTb.S) são também considerados. Além disso, a 

conectividade trabecular é calculada de acordo com a morfologia de cada placa, 

estimando-se a densidade de junções entre placas (P-P Junc.D), entre hastes (R-R Junc.D) 

ou entre placas e hastes (P-R Junc.D). Por último, como a orientação trabecular também é 

avaliada pelo método, é possível calcular a fração do volume trabecular orientado no 

sentido axial (aBV/TV) (Figura 3). 

 

Em sua descrição inicial em estudo ex vivo, os resultados de ITS foram correlacionados 

com análise padrão por µCT e com parâmetros biomecânicos estimados por análise de 

elementos finitos (FEA) de imagens de µCT. Resultados desses estudos indicam que 

trabéculas em placa são as determinantes primárias da resistência óssea e que o aumento 

da razão P-R está associado a maior rigidez2 óssea. Além disso, dentre todas as variáveis 

estudadas, aBV/TV teve a melhor correlação com as medidas de competência mecânica 

óssea (LIU et al., 2008).  

 
2 do inglês, stiffness.  
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Em estudos clínicos, ITS derivada de imagens de HRpQCT revelou que mulheres na pré 

menopausa com osteoporose idiopática apresentam redução preferencial de trabéculas em 

placas, além de redução de aBV/TV (LIU et al., 2010). Além disso, ITS demonstrou 

diferenças-chave entre o esqueleto de mulheres caucasianas e chinesa-americanas, 

explicando o achado de risco reduzido de fratura em mulheres chinesas, apesar de 

medidas semelhantes de aBMD (LIU et al., 2011b). Finalmente, estudo avaliando fratura 

por fragilidade em mulheres na pós menopausa revelou que ITS foi capaz de distinguir 

mulheres com história de fratura de controles saudáveis. Nesse estudo, fratura 

osteoporótica vertebral e não vertebral foi associada a osso trabecular constituído 

principalmente por hastes e redução de placas, além de redução de aBV/TV e da 

conectividade trabecular (LIU et al., 2012).  

  

 
Figura 3: Imagens de osso trabecular segmentado em trabéculas individuais  

(A) Diferentes cores foram usadas para visualização de trabéculas individualmente;  (B) 

Representação de trabéculas em placa (verde) e em haste (vermelho). Imagens de tíbia 

distal obtidas de mulher saudável na pós menopausa 

Imagens cordialmente cedidas por Dr. Edward Guo e Bin Zhou 

 

 

1.2.2- Análise de elementos finitos (FEA): 

 Além de fornecer dados acerca da densidade volumétrica e estrutura esquelética, 

HRpQCT tem o potencial de estimar  a competência biomecânica do osso. Através da 

FEA de imagens de HRpQCT, determina-se rigidez óssea, parâmetro fortemente 

correlacionado com resistência óssea e risco de fratura (BOUTROY et al., 2008).  
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Competência biomecânica do osso refere-se à sua capacidade de sustentar certa carga sem 

sofrer fratura, e rigidez é a capacidade do material em resistir à deformação, quando uma 

força lhe é aplicada. Rigidez óssea, calculada através de FEA de imagens em 3 dimensões 

de HRpQCT, apresenta forte correlação com resistência óssea medida por ensaios de 

compressão mecânica (PISTOIA et al., 2002; MACNEIL and BOYD, 2008). Além disso, 

estudos envolvendo mulheres na pós menopausa ou homens idosos confirmam que a 

rigidez óssea estimada por FEA de imagens de HRpQCT é significativamente menor em 

indivíduos com história de fratura por fragilidade do que em controles sem história de 

fratura (BOUTROY et al., 2008; STEIN et al., 2010; VILAYPHIOU et al., 2010; STEIN 

et al., 2011; VILAYPHIOU et al., 2011).   

 

FEA estima rigidez do osso inteiro, quando os compartimentos cortical e trabecular são 

avaliados, e rigidez trabecular, quando apenas este compartimento é considerado para 

análise. Outras variáveis calculadas por esse método de análise e reportadas nesse 

trabalho são a porcentagem de carga suportada pelo compartimento cortical nas 

superfícies distal e proximal do volume de interesse (Ctload distal e Ctload proximal). 

Estas medidas levam em conta a integridade do compartimento trabecular, uma vez que 

refletem a porcentagem de carga que não pode ser sustentada pelo osso trabecular e 

portanto é transferida para o osso cortical. Ou seja, quanto maior o déficit  estrutural do 

compartimento trabecular, maior será a porcentagem de carga suportada pelo 

compartimento cortical. 

 

Apesar da HRpQCT ser capaz de fornecer informações fundamentais para avaliação da 

qualidade óssea no PHPT, esse é um exame de alto custo e difícil acesso. Dessa forma, 

seria de suma importância a avaliação de métodos acessíveis na prática clínica para 

avaliação mais acurada do compartimento trabecular em pacientes com PHPT. 

 

 

1.3- Escore de Osso Trabecular (TBS): 

TBS é um novo método de avaliação de imagem desenvolvido para estimar a 

microarquitetura trabecular (POTHUAUD et al., 2008). Qualquer imagem de radiografia 

óssea pode ser utilizada para avaliação do TBS, mas sua principal vantagem clínica 

baseia-se na possibilidade de poder ser calculado a partir de imagens de densitometria 

óssea. Isso possibilita que o TBS seja estimado como complementação da avaliação de 
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aBMD, ou em exames de densitometria realizados previamente, sem necessidade de 

aquisição de novas imagens. O cálculo de TBS foi incialmente desenvolvido a partir de 

imagens de densitometria óssea da coluna lombar (HANS et al., 2011a) e, portanto, 

estudos clínicos que avaliam a aplicabilidade do método baseiam-se em TBS da coluna 

lombar. TBS calculado a partir de imagens do fêmur está em desenvolvimento, mas ainda 

não disponível para fins de pesquisa clínica. 

 

No primeiro estudo a descrever a técnica, TBS foi calculado a partir de imagens de µCT 

em 2 dimensões (imagens de µCT projetadas em um plano) e correlacionado com 

medidas diretas de microarquitetura trabecular por µCT (POTHUAUD et al., 2008). Os 

resultados demonstraram correlação significativa entre TBS (medida indireta de 

microestrutura trabecular) e BV/TV, Tb.N, Conn.D e Tb.Sp (medidas diretas por µCT). 

Esse estudo utilizou peças ósseas humanas de vértebras torácicas baixas e lombares, colo 

de fêmur e rádio, e as correlações foram estimadas no mesmo sítio ósseo. Em um segundo 

passo para validação do método, TBS foi derivado de imagens de densitometria óssea de 

vértebras lombares de cadáveres humanos (HANS et al., 2011a). TBS assim calculado 

mostrou, novamente, correlação significativa com as mesmas medidas de microestrutura 

trabecular por µCT descritas anteriormente. aBMD foi avaliada nas mesmas amostras 

ósseas e correlacionada com TBS. Não houve correlação significativa entre aBMD e 

TBS, indicando que os dois métodos, apesar de calculados a partir da mesma imagem, 

traduzem características diferentes do osso. Confirmando essa teoria, algumas amostras 

ósseas revelaram ter diferentes cálculos de TBS (e diferentes estruturas ósseas por µCT) a 

despeito de densidades ósseas similares (HANS et al., 2011a).  

 

TBS é calculado por software próprio (TBS iNsight Software, MedImaps, França), que 

pode ser instalado no computador que gerencia o aparelho de densitometria óssea ou em 

computador não conectado àquele aparelho. Em ambos os casos, arquivos não 

processados contendo as imagens de coluna lombar são utilizados para análise do TBS. 

TBS é expresso em valores sem unidade de medida e seu cálculo se dá a partir de 

variograma da imagem bidimensional do osso trabecular. A fórmula considera as 

diferenças entre os vários tons de cinza em pixels da imagem. A quantidade de pixels 

com diferentes tons de cinza e o quão diferente os tons são entre si têm importância no 

cálculo. O valor final de TBS dá-se pelo cálculo da inclinação da curva do variograma em 

um diagrama log-log. Dessa forma, uma imagem com vários tons de cinza, mas com 
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pequena diferença entre os tons, resulta em valores maiores de TBS (microarquitetura 

normal). Imagem com número menor de cinzas, mas com grande variação entre os tons, 

gera valores baixos de TBS (microarquitetura deteriorada) (HANS et al., 2011a). TBS é 

avaliado na mesma região de interesse usada para o cálculo da aBMD e o valor representa 

a média dos valores encontrados de L1 a L4 (Figura 4). 

 

Em estudos clínicos envolvendo mulheres na pós menopausa, TBS em coluna lombar foi 

associado a risco de fraturas vertebrais e não vertebrais, estimando seu risco 

independentemente dos valores de aBMD (POTHUAUD et al., 2009; RABIER et al., 

2010; WINZENRIETH et al., 2010; DEL RIO et al., 2012). Além disso, a combinação de 

TBS com aBMD em coluna lombar aumentou a predição do risco de fratura em 

comparação a cada um dos testes isoladamente. Esses achados foram confirmados pelo 

Estudo de Manitoba, que avaliou mais de 29.000 mulheres na pós-menopausa no Canadá 

(HANS et al., 2011b). Recentemente, Boutroy et al mostraram que além de estimar 

fraturas osteoporóticas tão bem quanto aBMD de coluna lombar, TBS foi capaz de 

identificar um subgrupo de mulheres não-osteoporóticas com alto risco de fratura 

(BOUTROY et al., 2012).  

 

Apesar de não haver consenso acerca de valores de TBS considerados alterados, alguns 

autores estudaram o valor de 1,20 como possível limite inferior da normalidade (LAMY 

et al., 2012; POPP et al., 2012; VASIC et al., 2012). Esses estudos foram publicados em 

forma de resumos em anais de congressos, e avaliaram apenas mulheres na pós 

menopausa. Os resultados demonstram que o achado de T-score ≤ -2,5 por DXA em 

qualquer sítio ósseo ou TBS < 1,20 em coluna lombar, identificou uma proporção 

significativamente maior de mulheres com história de fraturas por fragilidade que o 

achado isolado de T-score ≤ -2,5. De forma similar, em mulheres não osteoporóticas com 

TBS < 1,209, a incidência de fraturas por fragilidade foi significativamente maior que no 

grupo com valores de TBS acima desse limite (BOUTROY et al., 2012). Quando as 

mulheres participantes do Estudo de Manitoba foram estratificadas em tercis de acordo 

com valores de TBS, os valores encontrados como limite entre os 3 grupos foram 1,20 e 

1,35 (comunicação pessoal). Nesse estudo, o tercil de mulheres com menores valores 

TBS tiveram maior risco de fratura osteoporótica do que as mulheres do terço médio ou 

superior (HANS et al., 2011b). Baseado nesses estudos, os seguintes pontos de corte 
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foram sugeridos para classificação de TBS em mulheres na pós menopausa: TBS≤1,20= 

microarquitetura degradada; TBS entre 1,20 e 1,35= microarquitetura parcialmente 

degradada; TBS ≥1,35= microarquitetura normal. 

 

 
Figura 4: Princípios do escore de osso trabecular  

Adaptado de (POTHUAUD et al., 2008; HANS et al., 2011a) 

TBS= Escore de osso trabecular 

Figura cordialmente cedida por Dr. Didier Hans 

 

O presente estudo consiste na avaliação óssea através de HRpQCT e TBS de mulheres na 

pós menopausa com diagnóstico estabelecido de PHPT. Além das medidas usuais 

fornecidas pela técnica de HRpQCT, ITS e FEA foram realizadas para avaliação mais 

detalhada do compartimento ósseo trabecular e da competência biomecânica do 

esqueleto. Os resultados foram comparados aos de 120 mulheres saudáveis da mesma 

faixa-etária e estado pós menopausal. TBS foi estimado em um subgrupo de mulheres 

com PHPT e correlacionado com medidas por HRpQCT. 
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2- OBJETIVOS: 

 

 

2.1- Artigo 1: 

Determinar, através de HRpQCT, geometria óssea, densidade volumétrica e índices 

microestruturais dos compartimentos cortical e trabecular em mulheres na pós-menopausa 

com PHPT, comparando-as com um grupo controle. 

Investigar a competência biomecânica do osso através de FEA de imagens de HRpQCT e, 

pela primeira vez em pacientes com PHPT, analisar as imagens de HRpQCT através da 

técnica de ITS para avaliação mais detalhada do compartimento ósseo trabecular nessa 

doença. 

 

 

2.2- Artigo 2: 

Avaliar a correlação entre TBS e medidas por HRpQCT em pacientes com PHPT. 
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3- RESULTADOS: 

 

 

3.1- Artigo 1: 

Primary Hyperparathyroidism is Associated with Abnormal Cortical and Trabecular 

Microstructure and Reduced Bone Stiffness in Postmenopausal Women 

  

Artigo aceito para publicação no “Journal of Bone and Mineral Research” em 26 de 

novembro de 2012.  
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Abstract: 

Typically, in the milder form of primary hyperparathyroidism (PHPT), seen in most 

countries now, bone density by DXA and detailed analyses of iliac crest bone biopsies by 

histomorphometry and µCT show detrimental effects in cortical bone, whereas the 

trabecular site (lumbar spine by DXA) and the trabecular compartment (by bone biopsy) 

appear to be relatively well preserved. Despite these findings, fracture risk at both 

vertebral and non-vertebral sites is increased in PHPT. Emerging technologies, such as 

high-resolution peripheral quantitative computed tomography (HRpQCT), may provide 

additional insight into microstructural features at sites such as the forearm and tibia that 

have heretofore not been easily accessible. Using HRpQCT, we determined cortical and 

trabecular microstructure at the radius and tibia in 51 postmenopausal women with PHPT 

and 120 controls. Individual trabecula segmentation (ITS) and micro finite element (µFE) 

analyses of the HRpQCT images were also performed to further understand how the 

abnormalities seen by HRpQCT might translate into effects on bone strength. Women 

with PHPT showed, at both sites, decreased volumetric densities at trabecular and cortical 

compartments, thinner cortices, and more widely spaced and heterogeneously distributed 

trabeculae. At the radius, trabeculae were thinner and fewer in PHPT. The radius was 

affected to a greater extent in the trabecular compartment than the tibia. ITS analyses 

revealed, at both sites, that plate-like trabeculae were depleted, with a resultant reduction 

in the plate/rod ratio. Microarchitectural abnormalities were evident by decreased plate-

rod and plate-plate junctions at the radius and tibia, and rod-rod junctions at the radius. 

These trabecular and cortical abnormalities resulted in decreased whole bone stiffness and 

trabecular stiffness. These results provide evidence that in PHPT, microstructural 

abnormalities are pervasive and not limited to the cortical compartment. They may help 

to account for increased global fracture risk in PHPT. 

 

Key words: Primary hyperparathyroidism, high-resolution peripheral quantitative 

computed tomography, individual trabecula segmentation, finite element analysis, 

fracture risk.  
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Introduction 

Primary hyperparathyroidism (PHPT), a common endocrine disorder, is characterized 

primarily by hypercalcemia and elevated levels of parathyroid hormone (PTH). Although 

the disease harbors a potential for extensive destruction of the skeleton, and commonly 

presented in this way during the first several decades of its description (1), asymptomatic 

PHPT has become the predominant form of the disease since the 1970s (2-4). Typically, 

in this milder form of PHPT, bone density by dual energy X-ray absorptiometry (DXA) is 

reduced with a proclivity for greatest reduction at the 1/3 radius, a site of cortical bone. 

By DXA, the lumbar spine, a site comprised predominantly of cancellous bone, tends to 

be preserved and similar to age-matched control subjects (5). Histomorphometric and 

micro-computed tomography (µCT) analyses of iliac crest bone biopsies have confirmed 

these DXA results by specific measurements of cortical and trabecular compartments. 

Cortical width is reduced and cortical porosity is increased. Trabecular bone volume is 

above average while trabecular number, connectivity and separation are preserved (6-10). 

However, these results are not consistent with evidence from many different studies 

demonstrating increased fracture risk at both vertebral and non-vertebral sites in PHPT 

(11-14). While the fracture data are still incomplete, the likelihood of overall increased 

fracture risk would argue, on the one hand, that DXA is not accurately depicting 

microstructure of bone due to its limited resolving power, and on the other hand, that the 

bone biopsy data from the iliac crest, in which the microstructure of bone is easily 

depicted, is not representative of load-bearing sites or other sites that are predisposed to 

fracture. Occasional reports of reduced trabecular bone density in PHPT (15, 16) argue 

that trabecular bone, clearly a potential target in severe disease, might also be affected in 

more mild disease and that more highly resolved technologies that can be applied to sites 

of loaded and unloaded bone would be revealing.  

 

High resolution, noninvasive imaging methods, enabling in vivo assessment of cortical 

and trabecular bone microarchitecture and biomechanical competence, could provide 

additional insight into compartment-specific (trabecular vs cortical) effects of PTH in 

PHPT and be more pertinent to the clinical discussion of fracture risk in PHPT. To this 

end, High Resolution peripheral Quantitative Computed Tomography (HRpQCT), a non-

invasive technique has sufficient resolution (voxel size, 82 µm) to quantitate trabecular 

and cortical microstructure that previously could be assessed only in bone biopsy 

samples. Moreover, HRpQCT has been developed to visualize the microstructure of the 
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distal radius, an unloaded site, and the distal tibia, a loaded site. Strong correlations 

between microarchitecture assessed by HRpQCT and histomorphometry or µCT at the 

same bony regions have been demonstrated (17, 18). This technology further 

distinguishes subjects who have sustained vertebral and non-vertebral fractures from 

normal controls (19-23), and detects changes in bone microstructure related to aging or 

other causes of bone loss (24-26). Recently, Hansen et al observed, by HRpQCT, altered 

trabecular and cortical structure at the radius in PHPT, and improvement in volumetric 

density and bone microarchitecture following parathyroidectomy (27, 28). This report 

supports the idea that if sites more relevant to fracture risk in PHPT are measured with 

highly resolved technologies, abnormalities in trabecular bone can be observed.  

 

In addition to assessing microstructure, HRpQCT images can be used to measure 

mechanical competence of bone by microstructural finite-element analysis (µFEA) (29). 

Recent advances have demonstrated that individual trabecula segmentation (ITS)-based 

morphologic analysis of HRpQCT images can provide even more specific information 

about trabecular bone microarchitecture. ITS resolves the HRpQCT image into individual 

trabeculae, characterizing trabecular elements as either plates or rods. Plate-like 

trabeculae are the primary determinants of bone strength; a higher plate/rod ratio is 

associated with greater strength (30, 31). µFE and ITS analyses of HRpQCT images 

distinguish among individuals with and without osteoporosis and fragility fractures, 

independent of DXA measurements (23, 32-35). ITS analyses of HRpQCT images have 

also demonstrated key differences between the Caucasian American and Chinese 

American skeleton, helping to account for reduced fracture risk in Chinese women 

despite similar bone mineral densities (36).  

 

In this study, we have utilized HRpQCT to determine microstructural indices of cortical 

and trabecular compartments at the radius and tibia in 51 postmenopausal women with 

PHPT and 120 normal controls. We have also utilized µFE and, for the first time, ITS 

analyses of HRpQCT images to assess trabecular morphology and bone compartment-

specific mechanical competence in PHPT. The results of this study provide new insights 

into bone quality in postmenopausal women with PHPT. 
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Patients and Methods 

Study Subjects: 

51 postmenopausal community-dwelling women, with well-characterized PHPT (elevated 

serum calcium and abnormal PTH levels) were recruited from Columbia University 

Medical Center (CUMC) in New York. The 120 control individuals were healthy 

postmenopausal women selected independently of their areal bone mineral density by 

DXA, also recruited from CUMC by advertisement, self or physician referral. All control 

subjects had normal serum calcium levels and no history of PHPT or low trauma fracture. 

Exclusion criteria included significant use of glucocorticoids within the past 2 years, 

history of Cushing’s syndrome, uncontrolled thyroid disease, malabsorption syndrome, 

significant liver disease, creatinine clearance < 30 mL/min, and any chronic disorders of 

mineral metabolism such as Paget’s disease or osteogenesis imperfecta. Use of 

bisphosphonates, raloxifene, and hormone replacement therapy (HRT) were not an 

exclusionary criterion. Women were considered postmenopausal if they had not had a 

menstrual period for over 1 year. 

The study was approved by the Institutional Review Board of Columbia University 

Medical Center, and all subjects gave written informed consent. 

 

Dual-energy X-ray absorptiometry (DXA): 

Areal bone mineral density (aBMD) was measured at the lumbar spine (L1–L4), total hip, 

femoral neck, and nondominant forearm [ultradistal (UD radius) and one-third radius (1/3 

radius)] by DXA (Hologic 4500A; Hologic Inc., Bedford, MA, USA). Short term, in vivo 

precision error was 0.5% for L1–L4, 1.5% for total hip and femoral neck, and 1% for the 

forearm. 

 

HRpQCT: 

The nondominant distal radius and tibia were measured using the HRpQCT system 

(Xtreme CT; Scanco Medical AG, Brüttisellen, Switzerland) at CUMC. This device uses 

a 2D detector array and a 0.08-mm point-focus X-ray tube enabling the simultaneous 

acquisition of a stack of a parallel CT slices with a nominal resolution (voxel size) of 

82µm. The following settings were used: effective energy of 60kVp, x-ray tube current of 

900µA, and image matrix size of 1,536 x 1,536. 
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An antero-posterior scout view was used to define the measurement region. A reference 

line was manually placed at the end plate of the radius and tibia. A stack of 110 parallel 

CT slices was acquired (distal to proximal), with the first slice being 9.5 mm proximal to 

the reference line at the radius and 22.5 mm proximal to the reference line at the tibia. At 

each skeletal site, a 3D image of approximately 9 mm in the axial direction was obtained. 

Attenuation data were converted to equivalent hydroxyapatite (HA) densities. For quality 

control, the manufacturer phantom was scanned daily.  

 

Image analysis has been described and validated (17, 24, 25, 37). Briefly, the entire 

volume of interest is automatically separated into cortical and trabecular regions by using 

a threshold-based algorithm. Mean cortical thickness (Ct.Th) is defined as the mean 

cortical volume divided by the outer bone surface. Cortical and trabecular bone densities 

(Ct.vBDM and Tb.vBMD) are defined as the average bone density within the cortical or 

trabecular volume of interest, respectively. Trabecular bone volume (BV/TV) is derived 

from Tb.vBMD assuming that fully mineralized bone has the density of 1,200 mg 

hydroxyapatite (HA) per cubic centimeter (BV/TV (%)=100x (Tb.vBMD/1,200). Since 

the nominal spatial resolution of the XtremeCT (82 µm) is in the range of trabecular 

dimensions, visualization of individual trabeculae is limited. Therefore, measurements of 

trabecular microstructure are assessed using a thickness-independent algorithm. To this 

end, trabecular elements are identified by a mid-axis transformation method and the 

distance between them is assessed by the distance-transform method. Trabecular number 

(Tb.N) is taken as the inverse of the mean spacing of the mid-axes. Trabecular thickness 

(Tb.Th) and trabecular separation (Tb.Sp) are then derived from BV/TV and Tb.N using 

standard methods of histomorphometry, i.e., Tb.Th=(BV/TV)/Tb.N and 

Tb.Sp=(1−BV/TV)/Tb.N. Distance transformation techniques also enable the calculation 

of intra-individual distribution of separation (Tb.Sp.SD), quantified by the SD of the 

separation, a parameter reflecting the heterogeneity of the trabecular network.  

 

 ITS-based morphological analyses of HRpQCT images: 

The trabecular bone compartment was manually extracted from the cortex of each 

HRpQCT image of the distal radius and distal tibia. All trabecular bone images were then 

subjected to ITS-based morphological analyses. A complete volumetric decomposition 

technique was applied to segment the trabecular network into individual plates and rods 

(30). Briefly, digital topological analysis (DTA)-based skeletonization is performed to 
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transform the trabecular bone image into a schematic comprised of surfaces and curves 

skeleton. The topology (i.e, connectivity, tunnels, and cavities), as well as the rod and 

plate morphology of the trabecular microarchitecture, are preserved. Each skeletal voxel 

is uniquely classified as either a surface (plate) or a curve (rod) type. Using an iterative 

reconstruction method, each bone voxel of the original image is classified as belonging to 

either type of trabecula. ITS parameters of scale evaluate plate and rod bone volume 

fraction (pBV/TV and rBV/TV), plate and rod number density (pTb.N and rTb.N, 1/mm), 

plate and rod thickness (pTb.Th and rTb.Th, mm), plate surface area (pTb.S, mm2), and 

rod length (rTb.ℓ, mm). Plate-to-rod ratio (P-R ratio) was defined as plate bone volume 

divided by rod bone volume. Trabecular network connectivity is characterized by plate–

plate, plate–rod, and rod–rod junction density (P-P, P-R, and R-R Junc.D, 1/mm3), 

calculated as the total junctions between trabecular plates and rods normalized by the 

bulk volume. Lastly, the orientation of trabecular bone network is characterized by axial 

bone volume fraction (aBV/TV), defined as axially aligned bone volume divided by the 

bulk volume.  

 

 µFEA of HRpQCT images: 

Whole bone and trabecular HRpQCT images of the radius and tibia were converted into 

micro finite element models. µFEA was then performed to estimate whole bone and 

trabecular stiffness. For each µFE model, a uniaxial compression test was performed with 

displacement equivalent to 1% apparent strain to calculate stiffness. Bone tissue was 

assumed to have an isotropic linear material property with Young’s modulus 15 GPa and 

Poisson’s ratio 0.3. Whole bone stiffness, defined as reaction force divided by the applied 

displacement, characterizes the mechanical competence of both cortical and trabecular 

compartments and is closely related to whole bone strength (38). Similarly, trabecular 

bone stiffness characterizes the mechanical competence of the trabecular bone 

compartment. Percent load carried by the cortical compartment at the distal and proximal 

surface of bone segments was also calculated. 

 

Biochemical analysis 

Blood samples were drawn in a fasting state. Serum total calcium and albumin were 

analyzed using standard methods (Quest Diagnostics, Madison, NJ, USA). Calcium 

values were corrected for low albumin (albumin < 4 g/dL). In patients with PHPT, intact 

PTH was measured by immunoradiometric assay (Scantibodies, Santee, CA, USA) in the 
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Bone Marker Laboratory of the Metabolic Bone Diseases Program at CUMC. The normal 

range was 14 to 66 pg/mL, and the precision inter- and intra-assay coefficients were 

below 7% and 5%, respectively. 

 

Statistical Analysis: 

Descriptive statistics and group comparisons are expressed as mean ± SEM. Differences 

in continuous variables between cases and controls were assessed by Student’s t-test. 

Dichotomous variables were compared using the chi-square test. Comparisons of percent 

difference in HRpQCT, ITS and mechanical measurements between cases and controls at 

the radius and tibia were calculated and then assessed by Student’s t-test for paired 

samples. Since serum PTH levels and BMI did not follow a normal distribution, the 

Spearman correlation test was used to estimate their correlation with HRpQCT indices. 

Finally, comparisons of correlations between groups and between sites were examined by 

Fisher’s Z transformation (39). All statistical tests were performed at the two-sided 0.05-

level of significance. Statistical analysis was performed using SAS, version 9.2 (SAS 

Institute, Inc., Cary, NC, USA). 
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Results 

Baseline clinical, biochemical and densitometric data of the 51 postmenopausal women 

with PHPT and 120 controls are described in Table 1. Case and control subjects did not 

differ on the basis of age, body weight, height, BMI, years since menopause, and current 

use of HRT and raloxifene. Bisphosphonate use was significantly greater among patients. 

As expected, serum calcium levels were higher in the PHPT group. The majority of PHPT 

patients (77%) were asymptomatic. Only 12 subjects had nephrolithiasis (n=6) and/or 

fragility fracture (n=8).  

 

aBMD by DXA: 

aBMD was significantly lower in PHPT subjects than in controls at the total hip, femoral 

neck, and UD radius. Mean aBMD by DXA was similar in PHPT and controls at the 

lumbar spine and 1/3 radius (Table 1). In the PHPT group, the lumbar spine and total hip 

T-scores were higher than the T-scores at the femoral neck and both radial sites (Table 1). 

 

HRpQCT standard analysis: 

As shown in Table 2 and representative 3D images of the radius in Figure 1, PHPT was 

associated with reduced volumetric densities (vBMD), and altered cortical and trabecular 

microarchitecture as assessed by HRpQCT.  

At the radius and tibia, total bone area was not significantly different from control 

subjects. Total vBMD was significantly lower in PHPT at the radius (-19%) and tibia (-

13%). Ct.vBMD and Ct.Th. were 6% and 18% lower at the radius, and 7% and 15% 

lower at the tibia in PHPT vs control subjects (p<.001 for all). Significant reductions of 

Tb.vBMD at the radius (-23%) and tibia (-11%) were also observed in PHPT (p<0.01). At 

the radius, trabecular microarchitectural indices in PHPT were different from controls (p< 

0.05) with lower Tb.N (-13%), Tb.Th (-12%) and increased Tb.Sp (+32%). At the tibia, 

there were no significant differences in Tb.N and Tb.Th between the two groups, but 

Tb.Sp was higher in PHPT subjects (+16%) (Table 2 and Figure 2). 

As shown in Figure 2, compared to tibial measurements, the percentage differences 

between cases and controls were more pronounced at the radius for total vBMD 

(p=0.006), Tb.vBMD (p=0.0004), and Tb.N (p=0.02). 
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ITS-analysis of HRpQCT images: 

ITS analysis of the trabecular compartment revealed key microstructural differences at 

the radius, and, to a lesser extent, at the tibia in PHPT (Table 3 and Figure 3).  

At the radius, plate and rod bone volume fraction (pBV/TV, rBV/TV), plate and rod 

trabecular number (pTb.N, rTb.N), and plate-rod ratio (P-R ratio) were 31%, 13%, 11%, 

5% and 22% lower in PHPT vs. controls, respectively (p<0.01). At the tibia, pBV/TV, 

pTb.N and P-R ratio were 20%, 5% and 19% lower in PHPT patients, respectively 

(p<0.01), whereas no significant differences for tibial rBV/TV and rTb.N were found. 

The axial bone volume fraction (aBV/TV) was significantly reduced at the radius (-25%), 

and at the tibia (-16%) in PHPT vs controls. At the radius, rod-to-rod, plate-to-rod and 

plate-to-plate junction densities (R-R, P-R, and P-P JuncD) were significantly lower in 

PHPT at 13%, 26%, and 30%, respectively. Similarly, there was a significant decrease in 

P-R (-9%), and P-P JuncD (-15%) at the tibia in patients with PHPT.  

The percentage-differences between cases and controls were again more pronounced at 

the radius as compared to the tibia for virtually all ITS parameters (Figure 3).  

 

 

µFEA of HRpQCT images:  

The differences in volumetric density, cortical and trabecular microstructure were 

associated with significant changes in bone mechanical properties (Table 3 and Figure 3). 

Trabecular stiffness was 46% and 18% lower in the PHPT than in the control group at the 

radius and tibia, respectively. Whole bone stiffness was reduced by 22% at the radius, and 

10% at the tibia. At the radius, the percentage of load carried by the cortical compartment 

was greater in PHPT, at both distal and proximal surfaces, at the radius (Figure 3). The 

increased percentage of load carried by the cortical compartment observed in PHPT may 

be explained by the abnormal trabecular microstructure, resulting in a shift in load 

distribution to the cortical compartment at the radius. At the tibia, since the trabecular 

abnormalities, although present, were not as great as at the radius, shift in load bearing to 

the cortical compartment did not differ statistically between groups. 

As shown in Figure 3, percentage differences between cases and controls were greater at 

the radius than at the tibia for trabecular and whole bone stiffness, and for the percentage 

of load carried by the cortical compartment at the distal surface. 
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Analysis of the subgroup not on bisphosphonate therapy: 

Since the use of bisphosphonate was significantly greater among PHPT patients, we 

verified whether or not bisphosphonate use would change our outcomes. The comparison 

between cases and controls not currently on bisphosphonate therapy shows reduced 

volumetric densities, deterioration of microarchitecture by standard HRpQCT and ITS, 

and decreased bone strength in PHPT patients (data not shown). These results are similar 

to the ones observed when the whole group was analyzed, indicating that bisphosphonate 

use did not influence any of the outcome measures. 

 

Relationships between PTH and BMI with Cortical and Trabecular indices: 

Among subjects with PHPT, serum PTH levels were inversely correlated with total 

vBMD, Tb.vBMD, and Tb.Th at the radius (r=-0.300, -0.326, -0.407, respectively; 

p<0.05 for all). At the tibia, significant negative correlations were found between serum 

PTH and total vBMD (r=-0.354), Ct.vBMD (r=-0.352), and Ct.Th (r=-0.350) (Figure 4). 

Similarly, at the radius, serum PTH levels correlated inversely and significantly with all 

ITS and mechanical parameters, except for rTb.N, pTb.S and R-R JuncD. At the tibia, 

whole bone stiffness, pBV/TV, aBV/TV, pTb.N, rTb.Th, P-P and P-R Junc.D were 

inversely correlated with serum PTH (p<0.05). In contrast, serum PTH did not show 

significant correlations with aBMD by DXA at any site (data not shown). Serum calcium 

was also not correlated with aBMD, vBMD, microstructural parameters or bone stiffness 

(data not shown). 

 

To evaluate the influence of mechanical loading on trabecular and cortical bone 

compartments, we examined the relationships between BMI with HRpQCT-derived 

parameters at the tibia, a load bearing bone, in cases and controls and at the radius, a non-

load bearing bone. At the tibia, cortical parameters were positively correlated with BMI 

in control subjects, whereas in the PHPT group, the correlation between Ct.vBMD and 

Ct.Th with BMI was not significant. Conversely, correlation coefficients between BMI 

and HRpQCT for trabecular indices such as Tb vBMD, Tb.N, and Tb.Sp were greater in 

PHPT (Table 4). The correlation coefficient between BMI and Tb.N at the tibia was 

significantly higher in the PHPT group (p=0.02 for comparison of correlations). The 

comparison of these correlations between cases and controls at the radial site did not 

show such major differences. Correlation coefficients between BMI and cortical 

HRpQCT indices, in comparison to the radial site, were greater at the tibia in the control 
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group (Table 4). In PHPT, these correlations showed greater dependence upon BMI at the 

tibia than at the radius with regard to the following indices:  Tb.N, Tb.Sp, Tb.Sp.SD, and 

Tb.vBMD (Table 4).  
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Discussion 

The results of this study signal a major change in analytical approaches to bone strength 

in PHPT. Previously, DXA and histomorphometric analyses of the iliac crest bone biopsy 

gave important information but each was limited in either its resolving power (DXA) or 

in the fact that the iliac crest is not clearly representative of bones at risk in this disease 

for fracture. With HRpQCT, questions relevant to fracture risk in PHPT can be analyzed 

with regard to skeletal microstructure and, further, with ITS, a novel approach that allows 

for specific assignments of microarchitecture based on topological orientation and type of 

trabeculae. In addition, compartmental analyses of cortical and trabecular bone at a 

loaded (tibia) or unloaded (radius) site provide new insights into how in PHPT, a disorder 

of chronic PTH excess, compromised structural integrity is not limited to the cortical 

skeleton.  

 

At the radius, by HRpQCT, women with PHPT have lower total, cortical, and trabecular 

densities along with a thinner cortex. Trabecular microarchitecture is affected with fewer, 

thinner, more widely and heterogeneously distributed trabeculae. At the tibia, these 

changes are not as widespread but reductions in vBMDs and cortical thickness are 

evident, along with more widely and heterogeneously distributed trabeculae. In contrast 

to the radius, no abnormalities at the tibia were appreciated in trabecular number or 

trabecular thickness. 

 

The catabolic effects of PTH on both cortical and trabecular bone compartments reported 

here have been observed by peripheral quantitative computed tomography (pQCT) in 

PHPT (15, 40). While qualitatively similar to our observations, the resolution of pQCT is 

poor relative to HRpQCT (voxel size: 500-590 µm vs 82 µm) and thus does not permit a 

detailed compartmental analysis of cortical and trabecular bone. Applying HRpQCT, 

Hansen et al. (27) recently did show changes at the radius in 26 pre and postmenopausal 

women with PHPT. These investigators, however, were not able to appreciate significant 

differences at the tibia, perhaps because of the small number of subjects in their study 

(only 23 postmenopausal women) and less dramatic changes at the tibial site.  

 

This report provides further insights, not explored previously, into trabecular 

microstructure at the individual trabecula level by ITS analysis of the HRpQCT images. 

ITS analysis, developed by Guo and his associates, has been validated for assessing 
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trabecular microarchitecture by significant concordance with µCT (41). In PHPT, we 

found that plate-like trabeculae are depleted, and that the P-R ratio is reduced. This 

topological disturbance in microstructure leads to a trabecular network that is abnormal in 

plate-rod and plate-plate junctions at the radius and tibia, and rod-rod junctions at the 

radius. With relatively more rods than plates in the trabecular network, µFE analysis 

indicates that bone strength is compromised in terms of whole bone and trabecular 

stiffness. While both radial and tibial sites are compromised, greater deficits are seen in 

the distal radius. Such distortions lead to a significant increase in the load carried by the 

cortical compartment in the radius. These changes highlight another insight gleaned from 

this report, namely that with abnormal cortical structure in PHPT, the load carried by this 

compartment is disproportionately distributed from the trabecular compartment because it 

too is compromised.  

 

Based upon these findings, the pattern of bone loss in PHPT shown in many studies by 

DXA needs to be reexamined. The discordant observations of preserved lumbar spine 

aBMD by DXA and trabecular microstructure abnormalities by HRpQCT could be 

explained by the DXA technology. As a 2D measure, DXA is influenced by bone size. 

The increased cross sectional area in patients with PHPT observed by us an others (40, 

42-44), which might be a compensatory mechanism or a direct effect of PTH, could have 

accounted for the apparent preserved aBMD at the lumbar spine. Thus, the preservation 

of lumbar spine bone density by DXA in PHPT illustrates the uncertainty of this 

technology if geometric or microstructural abnormalities are present. Even the 

microstructural data by histomorphometric analysis of iliac crest bone biopsies in PHPT 

needs to be reexamined in light of these new data. By histomorphometry of bone biopsies 

from iliac crest, trabecular bone in postmenopausal women with PHPT is preserved as 

documented by no abnormalities in trabecular number, connectivity, or separation (5-8, 

10, 45). In fact, µCT analysis of bone biopsy specimens showed that trabecular bone 

volume in postmenopausal women with PHPT is increased (9). It is becoming increasing 

clear, however, that the iliac crest might not be an ideally representative site of the 

peripheral skeleton. In fact, Cohen et al (46) have found modest or no correlations 

between microarchitecture parameters as assessed by HRpQCT of radius and tibia and 

histomorphometry and µCT of iliac crest biopsies. Since previous studies have shown 

strong correlations between microarchitecture assessed by HRpQCT and 

histomorphometry or µCT at the same bony regions (17, 18), site-to-site differences are 
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likely to contribute to the weak correlations observed in the study of Cohen et al (46).  

 

Even at peripheral sites, such as the radius and tibia, there are differences to be observed. 

The differences may well be due to the extent to which a site is loaded (tibia) or unloaded 

(radius). Deficits in skeletal microstructure were less pronounced at the tibia in other 

studies (19, 23), perhaps due to positive effects of mechanical loading at this site. We 

observed greater effects of loading on the cortical bone in normal postmenopausal women 

than in PHPT patients, as observed by higher correlation coefficients between BMI and 

cortical indices at the tibia in controls. In PHPT, the effect of loading was also 

compartment-specific with the trabecular bone affected to a greater extent than cortical 

bone. In fact, cortical parameters at the tibia were not significantly correlated with BMI, 

whereas the correlation coefficients between BMI and trabecular measurements were 

greater in PHPT than in controls. Further supporting the idea that mechanical loading 

ameliorates catabolic actions of PTH on trabecular bone, we showed that trabecular bone 

was much more profoundly affected at the distal radius than at the tibia, whereas cortical 

bone was equally affected at the radius and tibia in PHPT. In addition, correlations 

between PTH and HRpQCT-derived trabecular indices were significant at the radius but 

not at the tibia, indicating that the negative effects of PTH are blunted at the load-bearing 

tibial site. These data suggest that mechanical loading does not prevent cortical loss in 

PHPT, but it may help to counteract the deleterious effects of PTH on trabecular bone. 

These results provide a framework for understanding that the osteoanabolic action of 

PTH is not seen in PHPT, a state of chronic PTH excess, but rather is limited to the 

intermittent administration of the hormone when used as a therapeutic for osteoporosis. 

 

These observations have implications for assessment of fracture risk in PHPT. The 

HRpQCT analysis that we have conducted suggests that there is a biomechanical basis for 

increased fracture risk in this disease. While studies of fracture risk in PHPT are by no 

means definitive, the cumulative experience suggests that both the central (trabecular) 

and peripheral (cortical) skeleton are at risk. If HRpQCT analyses correlate with fracture 

risk, then the clinical observations of fracture risk in PHPT and the detailed 

microstructural observations of this study are consistent. In fact, previous studies have 

correlated HRpQCT-based abnormalities in skeletal microstructure with fracture risk in 

postmenopausal women (19-23, 34, 35). Similarly, reductions in plate and rod BV/TV, 

plate and rod trabecular number, less axially aligned trabecular network, and reduced 
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connectivity between plate-plate, and plate-rod like trabeculae by ITS-analysis of 

HRpQCT scans, all of which have been demonstrated in this study, have been described 

in postmenopausal women with fragility fractures (32). In several of these studies, 

deterioration of skeletal microstructure could distinguish between women with and 

without fractures even after adjusting for aBMD or T-score by DXA (19, 23, 32). 

Moreover, in the study by Pistoia et al (47), the correlation between bone strength 

(mechanically measured) and failure load predicted by 3DpQCT-based µFEA was 

stronger than its correlation with aBMD assessed by DXA. Our subjects with PHPT have 

similar deficiencies in skeletal microstructure and stiffness to those observed in 

postmenopausal women with fractures. Thus, the data provide a biomechanical 

mechanism to account for increased fracture risk in PHPT.  

 

This study has some limitations. Only postmenopausal women were studied so that it is 

not known whether the results are applicable to men or premenopausal women with 

PHPT. Our study was not designed to assess differences between patients with or without 

fractures within the PHPT group. It remains to be seen whether these abnormalities will 

be appreciated to a greater extent among those who have sustained a fracture. The cross-

sectional design prevented us from investigating whether or not the microstructural 

abnormalities at cortical and tibial sites as measured by HRpQCT will worsen over time 

in patients with PHPT and, if so, whether there are predictive features to this expectation. 

We have not yet studied subjects after parathyroidectomy in comparison to these 

preoperative, baseline data. HRpQCT is an analytical device that measures only 

peripheral sites, and, thus, it is possible that our findings will not reflect central sites such 

as the lumbar spine. This is unlikely in view of the recent study by Liu et al (48) in which 

volumetric density, bone microstructure and mechanical properties of peripheral sites as 

determined by HRpQCT correlated significantly with mechanical competence of the 

spine and hip. 

 

Despite these limitations, our study has important strengths. The analytical power of 

HRpQCT applied to sites of great relevance to fracture risk is noteworthy. The added 

analytical power of ITS with µFEA provides another dimension not previously examined 

in this disease. The data provide greater understanding of biomechanical compromise in 

PHPT, helping to resolve a previous conundrum in which preserved trabecular bone by 

DXA or by histomorphometric studies of the iliac crest were not consistent with the 
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clinical observations of increased fracture risk in PHPT. Further studies are likely to 

provide even greater insights into microstructural features of bone in PHPT and permit 

greater understanding of fracture risk in this disease.  
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Figures: 

 

 
 

Figure 1: Representative HRpQCT images of the distal radius of PHPT (A) and control 

(B) subjects 
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Figure 2: Comparison of HRpQCT results at the distal radius and tibia in PHPT and 

control groups 

* Represent significant differences between groups (p<0.05) 

# Represent significant differences for comparisons of the percentage difference between 

radius and tibia (p<0.05) 

Total vBMD= total volumetric bone mineral density; Ct.vBMD= cortical volumetric bone 

mineral density; Ct.Th= cortical thickness, Tb.vBMD= trabecular volumetric bone 

mineral density; Tb.N= trabecular number; Tb.Th= trabecular thickness; Tb.Sp= 

trabecular separation; Tb.Sp.SD= trabecular distribution 
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Figure 3: Comparison of the ITS and µFEA results at the distal radius and tibia in PHPT 

and control groups  

* Represent significant differences between the groups (p<0.05) 

# Represent significant differences for comparisons of the percentage difference between 

radius and tibia (p<0.05) 

pBV/TV= plate bone volume fraction; rBV/TV= rod bone volume fraction; P-R ratio= 

plate-to-rod ratio; aBV/TV= axial bone volume fraction;  pTb.N= plate number density;  

rTb.N= rod number density; pTb.Th= plate thickness; rTb.Th= rod thickness; pTb.S= 

plate surface area; rTb.ℓ= rod length; R-R Junc.D= rod–rod junction density; P-R 

Junc.D= plate–rod junction density; P-P Junc.D= plate–plate junction density, Trab. 

Stiffness= trabecular stiffness; Stiffness= whole bone stiffness; Ctload distal= cortical 

load at distal surface; and Ctload proximal= cortical load at proximal surface 
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Figure 4: Correlations between PTH and Tb.vBMD (A) and Tb.Th (B) at the radius, and 

Ct.vBMD (C) and Ct.Th (D) at the tibia, in the PHPT group. Ct.vBMD and Ct.Th at the 

radius, and Tb.vBMD and Tb.Th at the tibia were not significantly correlated with PTH. 

PTH= parathyroid hormone; Tb.vBMD= trabecular volumetric bone mineral density; 

Tb.Th= trabecular thickness; Ct.vBMD= cortical volumetric bone mineral density; and 

Ct.Th= cortical thickness. 
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Table 1: Baseline clinical, biochemical and densitometric data of 51 PHPT and 120 

control subjects:  

Characteristics PHPT (n=51) Controls (n=120) p-value 

Age (years) 70 ± 1 68 ± 1 .20 

Weight (kg) 67 ± 2 69 .37 

Height (cm) 160 ± 1 160 ± 1 .94 

BMI (kg/cm2) 26.0 ± 0.9 26.8 ± 0.6 .42 

Years since menopause 18 ± 2 19 ± 1 .86 

Years since diagnosis  8.4 ± 1.1 NA  

Current medication use (%):    

     Bisphosphonate 20 3 <.0001 

     HRT 10 6 .66 

     Raloxifene 6 4 .94 

Serum total calcium (mg/dL) 10.6 ± 0.1 9.5 ± 0.0 <.0001 

PTH (pg/mL) 76 ± 6 ND  

L1-L4 BMD (g/cm2) 0.915 ± 0.024 0.931 ± 0.013 .56 

   T-score -1.1 ± 0.2 -1.2 ± 0.1 .74 

Total hip BMD (g/cm2) 0.758 ± 0.019 0.812 ± 0.019 .015 

   T-score -1.5 ± 0.2 -1.1 ± 0.1 .034 

Femoral neck BMD (g/cm2) 0.642 ± 0.017 0.668 ± 0.009 .03 

   T-score -1.9 ± 0.2 -1.7 ± 0.1 .23 

1/3 radius BMD (g/cm2) 0.589 ± 0.014 0.610 ± 0.007 .16 

   T-score -1.8 ± 0.2 -1.4 ± 0.1 .15 

UD radius BMD (g/cm2) 0.338 ± 0.011 0.379 ± 0.006 .0007 

   T-score -1.8 ± 0.2 -1.2 ± 0.1 .0026 

NA: not applicable; ND: no data 
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Table 2: Bone geometry, density and microarchitecture by HRpQCT in PHPT patients 

and controls: 

 HRpQCT parameters PHPT (n=51) Control (n=120) p-value 

R
ad

iu
s 

Total Area (cm2) 236 ± 7 224 ± 4 .09 

Total vBMD (mgHA/cm3) 241 ± 11 299 ± 7 <.0001 

Ct.vBMD (mgHA/cm3) 801 ± 12 851 ± 7 .0001 

Ct.Th (mm) 0.595 ± 0.026 0.722 ± 0.017 <.0001 

Tb.vBMD (mgHA/cm3) 101 ± 6 131 ± 4 <.0001 

Tb.N (1/mm) 1.53 ± 0.07 1.77 ± 0.03 .003 

Tb.Th (mm) 0.054 ± 0.001 0.061 ± 0.001 .0001 

Tb.Sp (mm) 0.711 ± 0.063 0.538 ± 0.02 .01 

Tb.Sp SD (mm) 0.465 ± 0.070 0.271 ± 0.021 .01 

Ti
bi

a 

Total Area (cm2) 690 ± 16 662 ± 9 .13 

Total vBMD (mgHA/cm3) 212 ± 8 245 ± 5 .0003 

Ct.vBMD (mgHA/cm3) 730 ± 14 785 ± 6 .0005 

Ct.Th (mm) 0.739 ± 0.040 0.874 ± 0.025 .004 

Tb.vBMD (mgHA/cm3) 130 ± 5 146 ± 3 .006 

Tb.N (1/mm) 1.65 ± 0.07 1.73 ± 0.03 .27 

Tb.Th (mm) 0.067 ± 0.002 0.071 ± 0.001 .13 

Tb.Sp (mm) 0.613 ± 0.042 0.529 ± 0.011 .06 

Tb.Sp SD (mm) 0.419 ± 0.069 0.257 ± 0.012 .02 

Total vBMD= total volumetric bone mineral density; Ct.vBMD= cortical volumetric bone mineral density; 

Ct.Th= cortical thickness; Tb.vBMD= trabecular volumetric bone mineral density; Tb.N= trabecular 

number; Tb.Th= trabecular thickness; Tb.Sp= trabecular separation; Tb.Sp.SD= trabecular distribution 
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Table 3: ITS and mechanical parameters in PHPT patients and controls: 

 
ITS and mechanical 

parameters 
PHPT (n=51) Control (n=120) p-value 

R
ad

iu
s 

pBV/TV (%) 4.8 ± 0.4 6.9 ± 0.3 .0003 

rBV/TV (%) 14.0 ± 0.6 16.1 ± 0.3 .0005 

P-R ratio 0.334 ± 0.021 0.429 ± 0.019 .0037 

aBV/TV (%) 6.1 ± 0.4 8.1 ± 0.2 <.0001 

pTb.N (1/mm) 1.158 ± 0.030 1.296 ± 0.020 .0002 

rTb.N (1/mm) 1.720 ± 0.029 1.811 ± 0.014 .0061 

pTb.Th (mm) 0.204 ± 0.002 0.206 ± 0.000 .3466 

rTb.Th (mm) 0.212 ± 0.000 0.214 ± 0.000 .0192 

pTb.S (mm2) 0.135 ± 0.002 0.142 ± 0.003 .0441 

rTb.ℓ  (mm2) 0.710 ± 0.006 0.695 ± 0.008 .1717 

R-R Junc.D (1/mm3) 2.451 ± 0.124 2.831 ± 0.066 .0042 

P-R Junc.D (1/mm3) 2.207 ± 0.169 2.964 ± 0.109 .0003 

P-P Junc.D (1/mm3) 0.966 ± 0.081 1.378 ± 0.057 .0001 

Trab Stiffness (N/mm) 5,585± 943 10,359 ± 734 .0003 

Stiffness (N/mm) 54,175 ± 2,845 69,567 ± 1,686 <.0001 

Ctload distal (%) 50.0 ± 1.5 41.8 ± 0.9 <.0001 

Ctload proximal (%) 95.3 ± 0.7 90.7 ± 0.6 <.0001 

Ti
bi

a 

pBV/TV (%) 9.1 ± 0.5 11.4 ± 0.4 .0006 

rBV/TV (%) 14.3 ± 0.6 14.4 ± 0.3 .8894 

P-R ratio 0.690 ± 0.046 0.852 ± 0.040 .0086 

aBV/TV (%) 9.5 ± 0.3 11.3 ± 0.3 .0001 

pTb.N (1/mm) 1.396 ± 0.022 1.475 ± 0.013 .0017 

rTb.N (1/mm) 1.762 ± 0.031 1.746 ± 0.016 .6189 

pTb.Th (mm) 0.216 ± 0.002 0.219 ± 0.001 .06 

rTb.Th (mm) 0.213 ± 0.001 0.218 ± 0.000 .003 

pTb.S (mm2) 0.149 ± 0.003 0.157 ± 0.003 .0384 

rTb.ℓ (mm2) 0.669 ± 0.004 0.668 ± 0.006 .8882 

R-R Junc.D (1/mm3) 2.549 ± 0.151 2.388 ± 0.073 .338 

P-R Junc.D (1/mm3) 3.132 ± .0147 3.446 ± 0.077 .0427 

P-P Junc.D (1/mm3) 1.619 ± 0.072 1.894 ± 0.045 .0014 

Trab Stiffness (N/mm) 65,372 ± 4,248 80,078 ± 2,896 .0067 

Stiffness (N/mm) 184,204 ± 6,187 205,746 ± 4,061 .005 

Ctload distal (%) 30.2 ± 1.2 27.5 ± 0.8 .0649 

Ctload proximal (%) 72.4 ± 0.01.6 70.1 ± 0.8 .1058 

pBV/TV= plate bone volume fraction; rBV/TV= rod bone volume fraction; P-R ratio= plate-to-rod ratio; 

aBV/TV= axial bone volume fraction;  pTb.N= plate number density;  rTb.N= rod number density; 

pTb.Th= plate thickness; rTb.Th= rod thickness; pTb.S= plate surface area; rTb.ℓ= rod length; R-R 

Junc.D= rod–rod junction density; P-R Junc.D= plate-rod junction density; P-P Junc.D= plate–plate 

junction density, Trab. Stiffness= trabecular stiffness; Stiffness= whole bone stiffness; Ctload distal= 

cortical load at distal surface; and Ctload proximal= cortical load at proximal surface  
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Table 4: Correlations (r values) between BMI and HRpQCT parameters at the radius and 

at the tibia in subjects with PHPT and controls: 

HRpQCT parameters 

BMI (kg/m2) 

 Radial Comparisons Tibial Comparisons 

PHPT Control PHPT Control 

Total Area (cm2) 0.031 0.053 0.205 0.079 

Total vBMD (mgHA/cm3) 0.249 0.299** 0.307* 0.340*** 

Ct.vBMD (mgHA/cm3) 0.023 0.148 -0.039 0.211* 

Ct.Th (mm) 0.210 0.289** 0.158 0.341*** 

Tb.vBMD (mgHA/cm3) 0.312* 0.312** 0.396** 0.294** 

Tb.N (1/mm) 0.287* 0.309** 0.533*** 0.226* 

Tb.Th (mm) 0.109 0.164 -0.156 0.189 

Tb.Sp (mm) -0.299* -0.324** -0.532*** -0.258* 

Tb.Sp SD (mm) -0.295* -0.328** -0.487*** -0.165 

*p<.05 ; **p<.01 ; ***p< .001 
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Abstract: 

Introduction: Typically, in the milder form of primary hyperparathyroidism (PHPT), 

aBMD by DXA is reduced at the predominantly cortical 1/3 radius, while cancellous 

bone, represented by aBMD at the lumbar spine, is generally preserved. Recent studies 

utilizing High Resolution peripheral Quantitative Computed Tomography (HRpQCT) has 

shown, however, that both cortical and trabecular bone compartments are compromised in 

PHPT, which agrees with epidemiology evidence for increased overall fracture risk in this 

disease. Since DXA cannot direct measure trabecular bone, and HRpQCT is not widely 

available, we used trabecular bone score (TBS), a novel gray-level textural analysis that 

can be applied to spine DXA images, to estimate trabecular microarchitecture.  

Aims: To assess TBS from spine DXA images in postmenopausal women with PHPT in 

relation to HRpQCT indices and bone stiffness.  

Patients and Methods: 22 women (67 ± 2 yr.) with PHPT were studied. aBMD was 

assessed by DXA (QDR 4500A, Hologic), and site-matched spine TBS indices were 

derived from DXA images using TBS iNsight software (v1.9, Medimaps SA). By 

HRpQCT, distal radius and tibia analyses were performed, and bone stiffness at these 

sites was assessed by finite element analysis (FEA). 

Results: TBS in PHPT is abnormal representing a partially degraded microstructure. The 

mean value was 1.24 ± 0.02 (definition of normal here). TBS was significantly correlated 

with all HRpQCT and mechanical measurements except for Tb.Th, and trabecular 

stiffness at the radius. At the tibia, significant correlations were observed between TBS 

and volumetric densities, Ct.Th, BV/TV and whole bone stiffness. All indices of 

trabecular microarchitecture, except Tb.Th, became significant after adjusting for body 

weight.  

Conclusion: TBS showed significant correlations with biomechanical and 

microstructural indices by HRpQCT. TBS shows promise as a readily available 

measurement tool in the assessment of trabecular microstructure in PHPT. 

 

Key words: Primary hyperparathyroidism, trabecular bone score, high-resolution 

peripheral quantitative computed tomography, finite element analysis, fracture risk.  
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Introduction 

Primary hyperparathyroidism (PHPT) is a common endocrine disorder characterized by 

hypercalcemia and elevated or inappropriately normal levels of parathyroid hormone 

(PTH). With the advent of the multichannel autoanalyzer in the early 1970’s, the clinical 

presentation of PHPT changed from symptomatic (1) to asymptomatic (2-4). While overt 

skeletal disease, formerly a common finding, is rarely seen now, bone mineral 

densitometry (aBMD) routinely detects evidence for skeletal involvement. The distal 1/3 

radius, a site of cortical bone, is typically more involved than the lumbar spine, a site 

comprised predominantly of trabecular bone (5). These findings, however, are not 

consistent with recent observations utilizing technologies that have greater resolving 

power than DXA, such as High Resolution peripheral Quantitative Computed 

Tomography (HRpQCT) in which trabecular microarchitectural deficits are seen (6, 7). 

By HRpQCT, both trabecular and cortical compartments are abnormal at the radius and 

tibia in postmenopausal women with PHPT. These deficits are associated with reduced 

whole bone and trabecular stiffness by FEA (7). Hansen et al. (6) have also observed 

similar structural deficits at the distal radius in PHPT. These more recent findings by 

HRpQCT and FEA are consistent with epidemiological evidence of increased fracture 

risk at both vertebral and non-vertebral sites in PHPT (8-11). While HRpQCT has added 

a dimension of insight not previous appreciated with regard to trabecular bone in PHPT, 

HRpQCT is not widely available and, considering the cost of the instrumentation, is not 

likely to be.  

 

Trabecular bone score (TBS) is a novel gray-level textural analysis that can be applied to 

DXA images to estimate trabecular microarchitecture (12). Using experimental 

variograms of 2D projection images, TBS differentiates between 3D bone structures that 

exhibit the same aBMD, but different trabecular microarchitecture (13). TBS analysis is 

readily available from the lumbar spine DXA image without the need for further imaging 

or expensive instrumentation. Studies in cadaveric bones have shown significant 

correlations between TBS and 3D trabecular microarchitecture measurements by micro-

computed tomography (µCT) (12, 13). In clinical studies, TBS enhanced DXA’s ability 

to predict fracture risk (14-19). Moreover, in a recent study involving over 29,000 

postmenopausal women, TBS predicted osteoporotic fractures, independent of aBMD 

(19). Finally, Boutroy et al. (20) showed that TBS predicts osteoporotic fracture as well 
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as lumbar spine aBMD, and that TBS helped to define a subset of non-osteoporotic 

women at high risk for fracture. 

 

The ability of TBS to estimate trabecular microarchitecture and predict fracture risk, 

along with its direct utilization from DXA images led us to investigate its potential utility 

in evaluating the trabecular skeleton in PHPT. To this end, we assessed TBS from spine 

DXA images in postmenopausal women with PHPT, and correlated it, for the first time, 

with HRpQCT measurements of volumetric bone density, skeletal microarchitecture, and 

bone stiffness. Our results indicate that TBS has the potential to provide additional data 

on trabecular bone quality in PHPT and that it can be readily applied without the need for 

expensive equipment. 



 

 

71 

Patients and Methods 

Study Subjects: 

22 postmenopausal women were recruited from Columbia University Medical Center 

(CUMC). Subjects were eligible for inclusion if they had well-characterized PHPT 

(elevated serum calcium and elevated or inappropriately normal PTH levels). Exclusion 

criteria included use of bisphosphonates or glucocorticoids within the past 2 years, history 

of Cushing’s syndrome, uncontrolled thyroid disease, malabsorption syndrome, 

significant liver disease, creatinine clearance < 30 mL/min, and any chronic disorders of 

mineral metabolism such as Paget’s disease or osteogenesis imperfecta. Women were 

considered postmenopausal if they had not had a menstrual period for over 1 year. 

The study was approved by the Institutional Review Board of Columbia University 

Medical Center, and all subjects gave written informed consent. 

 

Dual-energy X-ray absorptiometry (DXA): 

aBMD by DXA was measured at the lumbar spine (L1–L4), total hip, femoral neck, and 

nondominant forearm [ultradistal (UD radius) and one-third radius (1/3 radius)] using 

Discovery A (Hologic Inc., Bedford, MA, USA) at CUMC. Bone density was expressed 

in T-score for comparisons of subjects with young-normal population. 

 

Trabecular Bone Score (TBS): 

Site-matched spine TBS parameters were extracted from the DXA image using TBS 

iNsight software (v1.9, Medimaps SA, France). TBS measurements were performed in 

the Bone Disease Unit at the University of Lausanne, Lausanne, Switzerland, using de-

identified spine DXA files from scans obtained at CUMC. TBS was evaluated, by 

determining the variogram of the trabecular bone projected image, calculated as the sum 

of the squared gray-level differences between pixels at a specific distance. TBS was then 

calculated as the slope of the log-log transform of this variogram (13). TBS was assessed 

in the same regions of measurement as those used for the lumbar spine BMD. The mean 

value of the individual measurements for L1 to L4 represents the lumbar spine TBS.  

 

To ensure comparability with previous TBS studies, calibration on the DXA machine at 

CUMC was performed using a TBS-specific phantom (MedImaps). From previous 

reports, based upon over 29 thousands female subjects, TBS≤1.2 is described as degraded 
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microarchitecture, TBS between 1.20 and 1.35 is partially degraded microarchitecture, 

and TBS≥1.35 is considered normal (18-23) 

 

High Resolution peripheral Quantitative Computed Tomography (HRpQCT): 

Volumetric bone mineral density (vBMD) and microarchitecture were measured at the 

nondominant distal radius and tibia using the HRpQCT system (Xtreme CT; Scanco 

Medical AG, Brüttisellen, Switzerland) at CUMC, as previously described (24)  

Image analysis has been validated and detailed elsewhere (24-27). The following indices 

were evaluated at the distal radius and tibia: total area; total, cortical and trabecular 

volumetric bone densities (Total vBMD, Ct.vBDM and Tb.vBMD, respectively); cortical 

thickness (Ct.Th); trabecular bone volume (BV/TV); trabecular number (Tb.N); 

trabecular thickness (Tb.Th); trabecular separation (Tb.Sp); and standard deviation of 

trabecular separation (Tb.Sp. SD), a parameter reflecting the heterogeneity of the 

trabecular network.  

 

Finite Element Analysis (FEA) of HRpQCT images: 

FEA was performed to estimate whole bone and trabecular stiffness by converting whole 

bone and trabecular HRpQCT images into finite-element models. For each FE model, a 

uniaxial compression test was performed with displacement equivalent to 1% apparent 

strain to calculate stiffness. Bone tissue was assumed to have an isotropic linear material 

property with Young’s modulus 15 GPa and Poisson’s ratio 0.3. Whole bone stiffness 

was defined as reaction force divided by the applied displacement. It characterizes the 

mechanical competence of both cortical and trabecular compartments and it is closely 

related to whole bone strength (28). Similarly, trabecular bone stiffness characterizes the 

mechanical competence of the trabecular bone compartment.  

 

Biochemical analysis 

Serum total calcium and albumin were measured using standard methods (Quest 

Diagnostics, Madison, NJ, USA) and calcium values were corrected for low albumin 

(albumin < 4 g/dL). Intact PTH was measured by immunoradiometric assay 

(Scantibodies, Santee, CA, USA) in the Bone Marker Laboratory at CUMC. The normal 

range was 14 to 66 pg/mL, and the precision inter- and intra-assay coefficients were < 7% 

and 5%, respectively. 
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Statistical Analysis: 

Descriptive statistics are expressed as mean ± SEM. Correlation of TBS with HRpQCT 

indices, mechanical parameters and DXA measurements was assessed by the Pearson 

correlation test. Since Tb.Sp and Tb.Sp SD did not follow a normal distribution, they 

were log-transformed and then correlated using Pearson Correlation. Correlations 

adjusted of weight were performed by partialing out weight. Linear regression analyses 

were applied to estimate the variability in HRpQCT and mechanical parameters when 

TBS, aBMD at the lumbar spine or the combination of both were used as the explanatory 

variables. All statistical tests were performed at the two-sided 0.05-level of significance. 

Statistical analysis was performed using SAS, version 9.2 (SAS Institute, Inc., Cary, NC, 

USA). 
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Results 

Baseline characteristics of 22 postmenopausal women with PHPT are described in Table 

1. The majority of PHPT patients (77%) were asymptomatic. Only 1 subject had a history 

of nephrolithiasis, while 4 had a history of fragility fracture.  

 

TBS and aBMD by DXA: 

Mean TBS, aBMD and T-scores by DXA are reported in Table 1. Although the 

prevalence of osteoporosis at any site was 50%, L1-L4 T-score by DXA was well above 

the WHO osteoporosis threshold (T-score ≤2.5) in the vast majority of subjects. Only 3 

(14%) patients were classified as osteoporotic, 7 (32%) as osteopenic, whereas the 

remaining 12 (53%) subjects presented with normal L1-L4 T-scores by DXA.  

In contrast, TBS at the lumbar spine showed degraded microarchitecture (TBS≤1.20) in 8 

(36%) patients, partially degraded (TBS>1.20 and <1.35) in an additional 8 (36%), and 

normal values (TBS≥1.35) in only 6 (27%) subjects (Figure 1A and 1B). The mean TBS 

of the whole group was 1.24, representing a partially degraded microarchitecture.  

 

Relationship between TBS and aBMD by DXA: 

Correlations between TBS and aBMD at the lumbar spine (r=0.367), total hip (r=0.269), 

and femoral neck (r=0.350) were not significant, whereas significant correlations were 

found between TBS and aBMD at the 1/3 radius (r=0.427; p=0.047), and UD radius 

(r=0.450; p=0.036). 

 

Relationship between TBS, HRpQCT and mechanical parameters: 

As shown in Table 2, at the radius, TBS was significantly correlated with all HRpQCT 

and biomechanical measurements except total area, Tb.Th, and trabecular stiffness. 

Significant correlations remained after adjusting for body weight (Table 2 and Figure 2). 

At the tibia, significant correlations were observed between TBS and volumetric 

densities, Ct.Th, BV/TV and whole bone stiffness. All indices of trabecular 

microarchitecture, except Tb.Th, became significant after adjusting for body weight 

(Table 2 and Figure 2). 

 

Using linear regression analysis, TBS or L1-L4 aBMD alone explained 20 to 50% of 

variances in HRpQCT measurements of volumetric densities, Ct.Th, BV/TV and whole 

bone stiffness at the radius and tibia. TBS and aBMD together better predict the 
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variability in these HRpQCT indices and whole bone stiffness than either one alone 

(Table 3).  

 

At the radius, TBS explained 25% and 20% of the variance in Tb.N and Tb.Sp, 

respectively, with a slight increase in the degree of variance explained by the combination 

of TBS with L1-L4 aBMD (Table 3). At the tibia, TBS was a poor predictor of the 

variances in HRpQCT measurements of trabecular microarchitecture. 
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Discussion 

The results of this study show, for the first time, significant correlations between TBS and 

HRpQCT measurements of volumetric densities, skeletal microarchitecture and bone 

stiffness at the radius and tibia, in a group of postmenopausal women with PHPT. 

Previous HRpQCT studies have shown that not only cortical, but also trabecular bone, is 

compromised in PHPT, even in the mild form of this disease (6, 7). This technology, 

however, is not widely accessible, and a clinical tool to assess trabecular 

microarchitecture could be helpful in the evaluation of this disease. TBS, an indirect 

measurement of trabecular microarchitecture, is now an FDA-approved application to 

DXA and readily available. Significant correlations between TBS and HRpQCT indices 

demonstrated here indicate that it may serve as a valuable additional index in the 

assessment of skeletal microstructure in PHPT.  

 

Significant correlations between TBS and 3D direct measurements of trabecular 

microstructure were previously observed in human cadaver bone specimens (vertebrae, 

femur and radius) (12, 13). The TBS pivotal study showed significant relationships 

between TBS evaluated from 2D projection images directly derived from 3D µCT 

reconstruction and direct 3D measurements of trabecular microarchitecture by µCT (12). 

Following this observation, TBS was derived from DXA images of lumbar vertebrae, and 

significant correlations between trabecular indices by µCT and TBS were confirmed (13). 

In agreement with these data, we observed a positive correlation of TBS with BV/TV and 

Tb.N, and a negative correlation with Tb.Sp and Tb.Sp. SD at the radius. Similar results 

were shown at the tibia after adjusting for body weight. TBS did not show a significant 

relationship with Tb.Th at the radius or tibia, even after adjusting for weight. In fact, 

unexpected inverse correlation between TBS and Tb.Th was previously found in an ex 

vivo study (13), and the reason for this observation is not clear.  

 

Unadjusted correlations between TBS at the lumbar spine and trabecular indices of 

microstructure at the tibia were not significant. Although lumbar spine and tibia are both 

load-bearing sites, they are subjected to different loading forces, which might explain this 

observation. In fact, after adjusting for body weight, a surrogate for mechanical loading, 

correlations of TBS with Tb.N, Tb.Sp and Tb.Sp SD became significant at the tibia. 

Differences in the quality of trabecular bone can also be appreciated when HRpQCT 

findings are compared with histomorphometric and µCT analyses of iliac crest bone 
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biopsies in PHPT. While both cortical and trabecular bone are affected at peripheral sites 

by HRpQCT, histomorphometry and µCT studies of iliac crest biopsies show that 

trabecular bone volume, number, separation and connectivity are either preserved or 

increased in patients with PHPT (29-33). Cohen et al. (34) have also found modest or no 

correlations between microarchitecture parameters as assessed by HRpQCT of radius and 

tibia and histomorphometry and µCT of iliac crest biopsies. Since previous studies have 

shown strong correlations between microarchitecture assessed by HRpQCT and 

histomorphometry or µCT at the same bony regions (26, 35), site-to-site differences are 

likely to contribute to the weak correlations observed by Cohen et al. (34). The discrepant 

observations by histomorphometric analysis of bone biopsies vis a vis fracture incidence 

in this disease suggest that HRpQCT and now TBS might be more clinically pertinent to 

fracture risk in PHPT. 

 

Despite the fact that TBS estimates trabecular microarchitecture, our results also revealed 

positive correlations of TBS with Ct.vBMD and Ct.Th at the radius and tibia. This is not 

surprising, since cortical and trabecular compartments are both affected in PHPT, leading 

to strong correlations between measurements of trabecular and cortical microarchitecture 

and density, even among HRpQCT indices (e.g. correlation between Tb.N and Ct.Th at 

the radius: r=0.667; p=0.001). 

 

The results of this study also showed positive correlations between TBS and whole bone 

stiffness at the radius (r=0.442; p=0.04) and tibia (r=0.516; p=0.02) as measured by FEA 

of HRpQCT images. An ex vivo study on 16 human vertebrae confirmed the positive 

relationship between TBS and mechanically measured bone strength (36). Reduced bone 

stiffness assessed by FEA of HRpQCT images, as well as low TBS, have been associated 

with fragility fractures in postmenopausal women (14-16, 18-20, 37-39). Even though 

these studies did not involve patients with PHPT, our findings suggest that low TBS may 

be related with decreased bone stiffness, and consequently, fracture risk, also in PHPT. 

 

Although we observed significant correlations between TBS and HRpQCT parameters of 

volumetric densities, skeletal microarchitecture and bone stiffness, it is important to note 

that, by linear regression analysis, variations in HRpQCT indices of trabecular 

microarchitecture and stiffness were better predicted by L1-L4 aBMD. The combination 

of TBS and L1-L4 aBMD was slightly better in predicting the variance of those HRpQCT 
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indices than either one alone. Moreover, TBS was a poor predictor of variances in 

HRpQCT measurements of trabecular microarchitecture at the tibia. Since these 

relationships are comparing TBS, an indirect measurement of trabecular 

microarchitecture at the lumbar spine, with measurements of cancellous microstructure at 

the radius and tibia (HRpQCT), it is possible that site-to-site differences in the trabecular 

compartment are, again, contributing to these observations. In fact, when TBS, aBMD 

and measurements of trabecular microstructure by µCT were assessed at the same bony 

region, correlations of aBMD and TBS with BV/TV, Tb.N, Tb.Sp and connectivity 

density were similar (13). 

 

As reported previously (22, 40), we observed modest or no correlation between TBS and 

aBMD at all sites. Weak relationships of TBS with aBMD at the lumbar spine (r=0.33), 

femoral neck (r=0.27) and total hip (r=0.26) were also reported in The Manitoba Study 

(19). Similarly, recent studies evaluating the effect of anti-resorptives, and more 

specifically, zoledronic acid therapy on TBS confirmed weak or no correlation between 

treatment-changes in TBS and aBMD (40, 41). The poor correlation between TBS and 

aBMD at the lumbar spine, despite the fact that both evaluate the same region of bone, 

implies that these measurements are, at least, partial independent of each other. In 

contrast, Boutroy et al. (20) found significant correlations between TBS and L1-L4 

aBMD (r=0.58; p<0.001) in 560 women from the OFELY cohort. There may be a 

tendency for higher correlations between these two indices when Hologic scanners are 

used (20, 42) as opposed to GE-Lunar DXA devices (19, 41). This observation, however, 

is not universal (18, 43), and the reason for these paradoxical findings is still unclear.  

 

A TBS threshold of 1.200 has been used in numerous studies to identify patients at high 

risk of fracture. Results from these studies, which involved from 500 to 1,200 

postmenopausal women, have shown that a significant greater number of subjects at high 

risk of fragility fracture are identified when a combination of either aBMD T-score ≤2.5 

or TBS <1.200 are considered, as opposed to aBMD T-score ≤2.5 alone (18, 22, 23). 

Similarly, in the study of Boutroy et al. (26), non-osteoporotic women whose TBS values 

were below 1.209 (the first TBS quartile threshold) had a significant higher incidence of 

fragility fracture. Using cut off points previously reported as having the best sensitivity 

and specificity in regards to fracture, we showed that 36% of PHPT patients had a 

degraded microarchitecture (TBS≤1.20), an additional 36% a partially degraded 
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microarchitecture (TBS>1.20 and <1.35) and 27% of them presented normal TBS values 

(TBS≥1.35). Accordingly, while 72% of PHPT patients showed degraded or partially 

degraded microarchitecture by TBS, only 46% of them were classified as osteopenic or 

osteoporotic by lumbar spine T-score. Similarly, patients with PHPT were found to have 

lower TBS values than healthy controls, despite similar lumbar spine aBMDs by DXA 

(42). Therefore, TBS may help to identify abnormalities in trabecular bone in PHPT even 

in patients with apparent preserved lumbar spine aBMD by DXA. 

 

This study has some limitations. We studied a fairly small number of subjects, so that we 

could not evaluate the association between TBS and fracture risk in PHPT. Moreover, it 

remains to be seen whether these findings would be appreciated when a larger number of 

patients is studied. We did not include a healthy control group, since our main aim was to 

correlate TBS with HRpQCT-derived measurements of microarchitecture and 

biomechanical competence in PHPT. However, it would be helpful to compare TBS 

between PHPT and control subjects, as well as to verify if the significant correlations 

reported here are also present in healthy individuals. Only postmenopausal women were 

studied so that it is not known whether the results are applicable to men or premenopausal 

women with PHPT.  

 

Despite these limitations, our study has important strengths. This is the first clinical study 

to report significant correlations between TBS and direct measurements of trabecular 

microstructure by HRpQCT. The positive relationship between TBS and bone stiffness 

assessed by FEA of HRpQCT images suggest that, in PHPT, low TBS may also indicate 

increased fracture risk. Moreover, our results demonstrate that TBS has the potential to 

identify PHPT subjects with abnormalities in trabecular bone not captured by lumbar 

spine aBMD. TBS has the major clinical advantage of being readily available from 

images of DXA, a test routinely performed in PHPT. With significant correlations 

between TBS and volumetric and microstructural indices, as well as biomechanical 

measurements by HRpQCT, a method that has greater resolving power but is not widely 

accessible, TBS could become a helpful clinical tool in the assessment of skeletal 

involvement in PHPT. 
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Figures: 

 

 
Figure 1: Comparison of aBMD by DXA and TBS. Prevalence of subjects with: (A) 

osteoporosis, osteopenia or normal aBMD at the lumbar spine by DXA; and (B) degraded 

microarchitecture (TBS<1.2), partially degraded microarchitecture (TBS>1.2 and <1.35), 

and normal TBS at the lumbar spine (TBS>1.35). 

DXA= dual-energy X-ray absorptiometry; aBMD= areal bone mineral density; and TBS= 

trabecular bone score. 
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Figure 2: Correlations adjusted for body weight between TBS and trabecular number 

(A), trabecular separation (B), and stiffness (C) at the radius; and trabecular number (D), 

trabecular separation (E), and stiffness (F) at the tibia.  

TBS= trabecular bone score; Tb.N= trabecular number; Tb.Sp= trabecular separation; 

Stiffness= whole bone stiffness 
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Table 1: Baseline characteristics of 22 subjects with PHPT:  

Characteristics PHPT (n=22) 

Age (years) 67± 2 

Weight (kg) 71 ± 4 

Height (cm) 161.5 ± 1.9 

BMI (kg/cm2) 27.2 ± 1.5 

Years since menopause 15 ± 2 

Years since diagnosis  6 ± 1 

Serum total calcium (mg/dL) 10.4 ± 0.1 

PTH (pg/mL) 72 ± 9 

TBS 1.24 ± 0.02 

L1-L4 BMD (g/cm2) 0.940 ± 0.039 

   T-score -1.0 ± 0.4 

Total hip BMD (g/cm2) 0.808 ± 0.035 

   T-score -1.1 ± 0.3 

Femoral neck BMD (g/cm2) 0.693 ± 0.030 

   T-score -1.4 ± 0.3 

1/3 radius BMD (g/cm2) 0.616 ± 0.022 

   T-score -1.3 ± 0.4 

UD radius BMD (g/cm2) 0.361 ± 0.018 

   T-score -1.4 ± 0.3 
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Table 2: Correlation between TBS and HRpQCT/mechanical parameters at the radius and 

tibia in subjects with PHPT: 

 

 

HRpQCT and mechanical parameters 
TBS 

 r-value r-value adjusted for weight 

R
ad

iu
s 

Total area  -0.153 -0.063 

Total vBMD  0.489* 0.536* 

Ct.vBMD 0.507* 0.512* 

Ct.Th 0.453* 0.480* 

Tb.vBMD 0.476* 0.562* 

BV/TV 0.473* 0.559* 

Tb.N  0.505* 0.620* 

Tb.Th  0.317 0.337 

Tb.Sp (LOG) -0.492* -0.580* 

Tb.Sp SD (LOG) -0.441* -0.533* 

Trab. Stiffness 0.332 0.326 

Stiffness 0.442* 0.530* 

Ti
bi

a 

Total area  -0.373 -0.259 

Total vBMD  0.619* 0.668* 

Ct.vBMD 0.471* 0.465* 

Ct.Th 0.515* 0.545* 

Tb.vBMD 0.528* 0.606* 

BV/TV 0.530* 0.608* 

Tb.N  0.297 0.573* 

Tb.Th  0.056 -0.112 

Tb.Sp (LOG) -0.365 -0.524* 

Tb.Sp SD (LOG) -0.390 -0.483* 

Trab. Stiffness 0.262 0.403 

Stiffness 0.516* 0.609* 

*p<0.05 

TBS= trabecular bone score; Total vBMD= total volumetric bone mineral density; Ct.vBMD= cortical 

volumetric bone mineral density; Ct.Th= cortical thickness; Tb.vBMD= trabecular volumetric bone mineral 

density; BV/TV= trabecular bone volume; Tb.N= trabecular number; Tb.Th= trabecular thickness; Tb.Sp= 

trabecular separation; Tb.Sp.SD= trabecular distribution; Trab. Stiffness= trabecular stiffness; Stiffness= 

whole bone stiffness 
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Table 3: Univariate or multivariate linear regression analysis to predict the variability in 

HRpQCT indices and mechanical parameters:  

 

 
HRpQCT and 

mechanical parameters 
TBS (R2) L1-L4 BMD (R2) 

TBS + L1-L4 BMD 

(R2) 

R
ad

iu
s 

Total Area 0.023 0.004 0.039 

Total vBMD 

(mgHA/cm3) 

0.239* 0.330* 0.420* 

Ct. vBMD 0.257* 0.209* 0.342* 

Ct.Th 0.205* 0.233* 0.321* 

Tb. vBMD 0.227* 0.479* 0.536* 

BV/TV 0.224* 0.479* 0.534* 

Tb.N 0.255* 0.460* 0.536* 

Tb.Th 0.100 0.269* 0.287* 

Tb.Sp 0.208* 0.345* 0.411* 

Tb.Sp SD 0.161 0.315* 0.359* 

Trab Stiffness 0.110 0.365* 0.379* 

Stiffness 0.195* 0.522* 0.558* 

Ti
bi

a 

Total Area 0.139 0.004 0.187 

Total vBMD 

(mgHA/cm3) 

0.383* 0.369* 0.550* 

Ct. vBMD 0.222* 0.209* 0.315* 

Ct.Th 0.265* 0.276* 0.396* 

Tb. vBMD 0.278* 0.345* 0.458* 

BV/TV 0.280* 0.345* 0.459* 

Tb.N 0.088 0.642* 0.642* 

Tb.Th 0.003 0.184* 0.237 

Tb.Sp 0.127 0.343* 0.366* 

Tb.Sp SD 0.123 0.277* 0.306* 

Trab Stiffness 0.069 0.123 0.141 

Stiffness 0.266* 0.444* 0.518* 

*p<.05 
 

TBS= trabecular bone score; Total vBMD= total volumetric bone mineral density; Ct.vBMD= cortical 

volumetric bone mineral density; Ct.Th= cortical thickness; Tb.vBMD= trabecular volumetric bone mineral 

density; BV/TV= trabecular bone volume; Tb.N= trabecular number; Tb.Th= trabecular thickness; Tb.Sp= 

trabecular separation; Tb.Sp.SD= trabecular distribution; Trab. Stiffness= trabecular stiffness; Stiffness= 

whole bone stiffness 
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4- CONSIDERAÇÕES FINAIS: 

 

 

Resultados desse estudo reafirmam a necessidade de se reconsiderar o conceito de que, 

nas formas assintomáticas de PHPT, apenas o osso cortical é comprometido. Além disso, 

indicam que outras técnicas de avaliação óssea, combinadas à avaliação por DXA, podem 

fornecer informações adicionais sobre qualidade óssea nessa entidade. Uma vez que o 

achado de osteoporose em exames de densitometria óssea é uma das indicações para o 

tratamento cirúrgico das formas assintomáticas de PHPT (BILEZIKIAN et al., 2009), é 

importante que a integridade óssea seja avaliada com precisão, evitando-se o 

subtratamento da doença.  

 

Avaliação óssea por HRpQCT de 51 mulheres na pós menopausa com PHPT evidenciou 

que, mesmo na forma assintomática da doença, os compartimentos cortical e trabecular 

estão sujeitos a ações negativas do excesso crônico de PTH. Verificou-se redução da 

vBMD em ambos compartimentos esqueléticos do rádio distal e da tíbia. Esses achados 

são compatíveis com estudos prévios por pQCT (CHEN et al., 2003; CHAROPOULOS 

et al., 2006), mas tal técnica não permite avaliação da microestrutura óssea. Resultados 

do único estudo de HRpQCT em pacientes com PHPT (HANSEN et al., 2010) 

confirmam nossos achados de redução generalizada da vBMD e deterioração da 

microarquitetura cortical e trabecular, mas, naquele estudo, as diferenças foram 

significativas apenas no rádio, talvez pelo número menor de pacientes avaliados (26, 

sendo 23 mulheres na pós menopausa). 

 

Este projeto inaugura o uso de ITS para análise de imagens de HRpQCT no PHPT. 

Análise por ITS mostrou que, no PHPT, há redução maior de trabéculas em placa do que 

em haste, resultando em diminuição significativa da razão P-R. Uma vez que trabéculas 

em placa são as principais responsáveis pela resistência óssea (LIU et al., 2008), essa 

alteração microestrutural do compartimento trabecular resultaria em aumento da 

fragilidade óssea nessa doença. Além disso, ITS revelou redução do aBV/TV, variável 

fortemente correlacionada com medidas de competência mecânica óssea (LIU et al., 

2008). Associadas a essas alterações estruturais, redução da rigidez óssea total e 

trabecular, bem como aumento da carga suportada pelo compartimento cortical, 
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estimados por FEA, confirmam os efeitos negativos do PTH sobre a qualidade óssea 

cortical e trabecular em pacientes com PHPT. 

 

Confirmando achados de estudos anteriores, resultados deste trabalho demonstraram que 

aBMDs da coluna lombar foram semelhantes entre casos e controles. A inabilidade da 

densitometria óssea em detectar perda esquelética trabecular no PHPT poderia ser 

explicada por diferenças na geometria óssea. Nossos estudos de HRpQCT revelaram que 

pacientes com PHPT têm aumento da área óssea total. Uma vez que a medida da aBMD é 

influenciada pelo tamanho ósseo (CARTER et al., 1992), o aumento da área óssea 

poderia superestimar a medida da aBMD nesses pacientes. Além disso, é possível que 

sítios ósseos diferentes respondam de maneira diversa ao excesso crônico de PTH. De 

fato, ausência de anormalidades no compartimento trabecular foi também observada por 

histomorfometria de biópsias ósseas de crista ilíaca, em estudos anteriores de pacientes 

com PHPT (PARISIEN et al., 1990; CHRISTIANSEN et al., 1992; PARISIEN et al., 

1992; PARISIEN et al., 1995). Dado que medidas de microarquitetura trabecular por 

HRpQCT têm forte correlação com resultados de histomorfometria quando o mesmo sítio 

ósseo é avaliado (BOUTROY et al., 2011), é possível que o fato de se ter avaliado sítios 

ósseos distintos explique os achados divergentes entre estudos de HRpQCT do rádio e 

tíbia e estudos histomorfométricos da crista ilíaca. Mesmo entre os dois sítios periféricos 

aqui avaliados, rádio e tíbia, há diferenças consideráveis. As ações deletérias do PTH 

sobre o osso trabecular foram menos evidentes na tíbia, possivelmente por tratar-se, 

diferente do rádio, de osso sujeito a sobrecarga mecânica.  

 

Este trabalho não avaliou o risco de fratura em pacientes com PHPT. No entanto, estudos 

anteriores confirmam que redução da vBMD no rádio e tíbia por HRpQCT, bem como 

anormalidades na microarquitetura trabecular e cortical, estão relacionadas a risco 

aumentado de fratura osteoporótica vertebral e não vertebral em mulheres na pós 

menopausa (SORNAY-RENDU et al., 2007; STEIN et al., 2010; STEIN et al., 2011; 

STEIN et al., 2012). Da mesma forma, redução da rigidez óssea estimada por FEA, e 

redução do volume de trabéculas em placa, menor fração de volume trabecular alinhado 

no sentido axial e redução da conectividade entre placas, hastes e entre placas e hastes, 

avaliados por ITS, distinguiram mulheres com fratura por fragilidade de controles 

saudáveis (BOUTROY et al., 2008; STEIN et al., 2010; VILAYPHIOU et al., 2010; 

STEIN et al., 2011; LIU et al., 2012). Dessa forma, as alterações estruturais e 
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biomecânicas evidenciadas em mulheres com PHPT neste estudo, similares às descritas 

em estudos que consideraram fratura como desfecho principal, são compatíveis com 

aumento do risco de fratura nessa doença. 

 

Apesar de ter fornecido informações importantes sobre qualidade óssea em pacientes com 

PHPT e de ser um método não invasivo e de alta sensibilidade, a HRpQCT é um exame 

de alto custo e indisponível na maior parte dos centros médicos. Por isso, avaliamos se o 

TBS, novo método de análise de imagem, potencialmente disponível em qualquer centro 

médico que realize exames de densitometria óssea, poderia fornecer informações 

adicionais sobre a qualidade do esqueleto trabecular, constituindo uma alternativa para 

avaliação de pacientes com PHPT na prática clínica.  

 

TBS foi desenvolvido para estimar a microarquitetura trabecular, podendo ser empregado 

a qualquer imagem de densitometria óssea de coluna lombar. Estudos clínicos 

envolvendo grande número de mulheres na pós menopausa confirmaram sua habilidade 

em predizer fratura por fragilidade (POTHUAUD et al., 2009; RABIER et al., 2010; 

WINZENRIETH et al., 2010; HANS et al., 2011b; DEL RIO et al., 2012). Neste estudo, 

estimamos, pela primeira vez, a correlação entre TBS, parâmetros de HRpQCT e índices 

de rigidez óssea medidos por FEA em um subgrupo de 22 mulheres com PHPT.  

 

TBS correlacionou-se com todos os índices determinados pela HRpQCT no rádio, exceto 

Tb.Th e rigidez trabecular. Na tíbia, correlações foram observadas entre TBS e 

densidades volumétricas, Ct.Th, BV/TV e rigidez de osso total. No entanto, correlações 

entre TBS e Tb.N, Tb.Sp e Tb.Sp.SD na tíbia foram evidentes apenas após ajuste para 

peso corporal. Da mesma forma, em modelos de análise de regressão linear, TBS foi 

incapaz de prever variações nos índices de microestrutura trabecular da tíbia. Acredita-se 

que essa falta de correlação entre TBS e estas medidas na tíbia seja explicada por 

diferenças na microestrutura trabecular inerentes a sítios ósseos distintos. Uma vez que 

coluna lombar e tíbia estão sujeitas a sobrecargas mecânicas diversas, sua estrutura 

trabecular adapta-se de modo próprio. O fato da correlação ter-se tornado significativa 

após ajuste para peso corporal, usado como substituto de sobrecarga mecânica, apoia essa 

teoria. Além disso, observou-se correlação significativa entre TBS e medidas de 

microestrutura trabecular por µCT quando ambos foram estimados no mesmo sítio ósseo 

(HANS et al., 2011a). Por outro lado, a falta de correlação entre TBS e Tb.Th no rádio e 
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na tíbia, reflete, possivelmente, a falta de habilidade do TBS em estimar essa variável. De 

fato, quando TBS foi correlacionado com medidas de microarquitetura trabecular por 

µCT em estudo ex vivo, a correlação entre TBS e Tb.Th foi, inesperadamente, negativa 

(HANS et al., 2011a). O motivo desse achado é desconhecido. 

 

Apesar de não termos estudado risco de fratura, os achados de correlação positiva entre 

TBS e rigidez de osso total estimada por FEA sugerem que, a exemplo de estudos prévios 

em mulheres na pós menopausa, valores baixo de TBS podem estar relacionados a 

redução da resistência óssea e, consequentemente, maior risco de fratura também em 

pacientes com PHPT.  

 

Confirmando estudos prévios (HANS et al., 2011b; LAMY et al., 2012; POPP et al., 

2012), não houve correlação significativa entre aBMD na coluna lombar e TBS, 

indicando que as duas medidas, apesar de calculadas a partir da mesma região de 

interesse, são, pelo menos, parcialmente independentes.  

 

Baseado em estudos prévios, os seguintes pontos de corte foram sugeridos para 

classificação de TBS em mulheres na pós menopausa: TBS≤1,20= microarquitetura 

degradada; TBS entre 1,20 e 1,35= microarquitetura parcialmente degradada; TBS 

≥1,35= microarquitetura normal. De acordo com essa classificação, TBS médio da nossa 

população de estudo foi indicativo de microarquitetura trabecular parcialmente degradada 

(TBS= 1,24). Enquanto 72% das pacientes com PHPT evidenciaram TBS compatível 

com microarquitetura degradada ou parcialmente degradada, apenas 46% delas foram 

classificadas como osteoporóticas ou osteopênicas pela avaliação do T-score da coluna 

lombar. De maneira similar, estudo recente demonstrou que TBS foi significativamente 

menor em grupo de pacientes com PHPT do em um grupo controle, apesar de valores 

semelhantes de aBMD da coluna lombar entre os dois grupos (ROMAGNOLI et al., 

2012). Dessa forma, é possível que TBS ajude a identificar anormalidades no osso 

trabecular em pacientes com PHPT com aparente preservação da aBMD em coluna 

lombar por densitometria óssea. 

 

Esses resultados demonstraram que TBS, além de poder ser calculado a partir de qualquer 

imagem de densitometria óssea da coluna lombar, correlaciona-se significativamente com 
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índices de densidade volumétrica, microestrutura e rigidez de osso total estimados por 

HRpQCT em pacientes com PHPT. Apesar do número pequeno de pacientes estudados, é 

possível que, se avaliado em combinação com a medida de aBMD, TBS identifique maior 

número de pacientes com deterioração óssea trabecular do que a avaliação da aBMD 

isoladamente. 

 

Viu-se, portanto, que o estudo por HRpQCT de 51 mulheres na pós menopausa com 

diagnóstico de PHPT revelou anormalidades importantes dos compartimentos trabecular e 

cortical do rádio e da tíbia. FEA e avaliação adicional por ITS confirmaram 

microestrutura trabecular susceptível a fratura e redução da competência biomecânica 

óssea nessa doença. Finalmente, correlações significativas entre TBS e achados da 

HRpQCT, exame de alta sensibilidade mas difícil acesso, indicam que TBS tem potencial 

para estimar a microarquitetura trabecular em pacientes com PHPT. 

 

  



 

 

97 

5- CONCLUSÕES: 

 

 

A partir do estudo por HRpQCT de 51 mulheres na pós menopausa com PHPT, 

comparadas a 120 controles da mesma faixa etária e estado menopausal, conclui-se que: 

1. mesmo na forma assintomática de PHPT, há redução generalizada da vBMD, bem 

como deterioração da microestrutura cortical e trabecular no rádio e na tíbia; 

2. quando realizada ITS das imagens de HRpQCT, observa-se redução preferencial 

de trabéculas em placa, com redução da razão P-R, diminuição do volume 

trabecular em sentido axial e redução da conectividade entre trabéculas,  

revelando microestrutura trabecular mais susceptível a fraturas; 

3. FEA das imagens de HRpQCT confirma redução da rigidez de osso total e 

trabecular, fornecendo explicação biomecânica para o achado clínico de aumento 

do risco de fratura nessa condição. 

 

A partir do estudo por TBS de 22 mulheres na pós menopausa com PHPT, conclui-se 

que:  

1. correlações significativas entre TBS e índices de densidade volumétrica, 

microestrutura e rigidez de osso total estimados por HRpQCT indicam que essa 

nova técnica de análise pode tornar-se útil para avaliação de pacientes com PHPT 

na prática clínica. 
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ABSTRACT. PTH, an 84-amino acid peptide hormone synthe-
sized by the parathyroid glands, is essential for the mainte-
nance of calcium homeostasis. While in its traditional metabol-
ic role, PTH helps to maintain the serum calcium concentration
within narrow, normal limits and participates as a determinant
of bone remodeling, more specific actions, described as
catabolic and anabolic are also well known. Clinically, the
catabolic effect of PTH is best represented by primary hyper-
parathyroidism (PHPT), while the osteoanabolic effect of PTH
is best seen when PTH or its biological amino-terminal frag-
ment [PTH(1-34)] is used as a therapy for osteoporosis. These
dual functions of PTH are unmasked under very specific patho-
logical (PHPT) or therapeutic conditions. At the cellular level,

PTH favors bone resorption, mostly by affecting the receptor
activator of nuclear factor κκ-B (RANK) ligand (RANKL)-osteo-
protegerin-RANK system, leading to an increase in osteoclast
formation and activity. Increased bone formation due to PTH
therapy is explained best by its ability to enhance osteoblas-
togenesis and/or osteoblast survival. The PTH-induced bone
formation is mediated, in part, by a decrease in SOST/sclerostin
expression in osteocytes. This review focuses on the dual an-
abolic and catabolic actions of PTH on bone, situations where
one is enhanced over the other, and the cellular and molecular
mechanisms by which these actions are mediated. 
(J. Endocrinol. Invest. 34: ??-??, 2011)
©2011, Editrice Kurtis

INTRODUCTION
PTH, an 84-amino acid peptide hormone, is synthesized
in the cells of the parathyroid glands. Release of PTH oc-
curs both with circadian dynamics and in pulsatile fashion
stochastically. Through its direct actions on bone and kid-
ney, the principle target organs, and indirectly on the
gastrointestinal tract (by facilitating the activation of vi-
tamin D), PTH helps to maintain the serum calcium with-
in narrow, normal limits. At the level of bone, it promotes
calcium release; at the level of the kidney, it promotes
tubular calcium reabsorption. The indirect effect on the
gastrointestinal tract promotes calcium absorption (1). A
hypocalcemic signal will lead to greater PTH release (and
synthesis), thus leading to these organ-specific events
and restoring the serum calcium to normal. 
The direct actions of PTH are initiated by an interaction
with its receptor (PTH1R), a G-protein-coupled receptor
expressed in target cells, such as osteoblasts in bone and
tubular cells in the kidney (2). Events following the bind-
ing of PTH to the PTH1R include stimulation of Gαs-me-
diated activation of adenyl cyclase, which in turn pro-
motes cAMP production and subsequent activation of
protein kinase A (PKA). The PTH1R is also linked to Gαq-
mediated activation of phospholipase and protein kinase
C (PKC) (3, 4). Regulation of these activation events oc-
curs, in part, at the level of the PTH1R when it is inter-

nalized (5). Recently, PTH has been shown to downregu-
late sclerostin, an important regulator of bone formation.
This effect is also mediated by cAMP signaling in osteo-
cytes (6). 
The catabolic effect of PTH is best represented by the
classic disorder of PTH excess, primary hyperparathy-
roidism (PHPT). In this setting, in which patients are ex-
posed to continuously high amounts of circulating PTH,
bone loss is common. When PHPT was invariably a symp-
tomatic disease, bone loss was often accompanied by
fractures. With the more modern clinical profile of PHPT
emerging at around the time that dual energy X-ray ab-
sorptiometry (DXA) became available in the 1980’s, dis-
covery of PHPT was likely to be in asymptomatic individ-
uals whose bone loss could be gleaned only by DXA. In-
sights into this phenotype revealed clues to the anabol-
ic proclivity of this hormone (7), namely that cancellous
bone microstructure is preserved in comparison to post-
menopausal women without PHPT (8-10).
Further insight that exploited the idea that PTH could be
primarily anabolic under certain circumstances came in
the 1990’s when studies by Dobnig et al. (11) showed
that the way in which PTH is administered dictates
whether it will serve primarily an anabolic or catabolic
role. In rats treated once daily (i.e., intermittently) with
low doses of PTH, marked anabolic effects on the skele-
ton were observed while continuous, 24-h exposure was
associated with the catabolic effects. This key observa-
tion was developed further as the foreshortened amino
terminal fragment of PTH, teriparatide [PTH(1-34)] and,
later, the full-length hormone [PTH(1-84)] were shown to
be anabolic when administered once daily in low doses
(12, 13). 
At the cellular level, gene expression profiling of inter-
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mittent vs continuous PTH administration in vivo and in
vitro suggests that the two modes of administration of
PTH can regulate different set of genes, one favoring
bone formation and the other favoring bone resorption
(14, 15). 
This review focuses on both the anabolic and catabolic
skeletal effects of PTH, and discusses the cellular basis
by which PTH exerts these effects.

PHPT
Historically, symptomatic PHPT is associated with a dev-
astating, catabolic destruction of the skeleton with bone
loss, brown tumors, bone cysts, and subperiosteal bone
resorption of the phalanges (16, 17). Osteitis fibrosa cys-
tica, the term given to this severe bone disease, is still
seen in the developing world, but in most regions where
biochemical screening is routine, asymptomatic PHPT
predominates. Asymptomatic PHPT rarely is accompa-
nied by these specific skeletal features (18-20). Rather,
bone densitometry technology has permitted a different
kind of insight into the skeleton of subjects with PHPT.

Bone density and skeletal microarchitecture
Silverberg et al. (7) evaluated the presence and extent of
bone disease in patients with asymptomatic PHPT, by
DXA and by histomorphometry of bone biopsies. The
greatest reduction in bone mineral density (BMD) was
found at the distal 1/3 radius, a site of predominantly cor-
tical bone. The ability to perform 3-site DXA gave further
information at the other 2 sites, the lumbar spine, a site
primarily comprised of cancellous bone, and the hip, a
site that is an even admixture of cortical and cancellous
bone. BMD of the lumbar spine was within 5% of ex-
pected for non-hyperparathyroid, post-menopausal wom-
en. The hip regions showed values that were intermedi-
ate between the preferentially reduced cortical bone of
the distal radius and the maintained BMD of the lumbar
spine (Fig. 1). 
The findings by DXA were followed up by an extensive

series of histomorphometric studies by Dempster et al.
(7, 9, 10, 21). Preferential involvement of cortical bone
with preservation of cancellous areas was confirmed by
histomorphometric analysis. The vast majority of patients
with PHPT showed reductions in cortical width. In con-
trast, the cancellous compartment of the bone biopsy
specimen showed greater than average values for tra-
becular bone volume. Other features of trabecular bone
such as trabecular number, connectivity and separation
indicated preservation of this compartment of bone in
most patients with PHPT. Analysis of bone biopsy spec-
imens by microcomputed tomography (µCT) also demon-
strated in mild PHPT preserved cancellous bone archi-
tecture (Fig. 2) (8). Histomorphometric studies of bone
biopsies in PHPT have confirmed that while the trabecu-
lar compartment is preserved, the cortical compartment
is at risk with cortical thinning and increased cortical
porosity commonly seen (9, 10, 21, 22). 
The 10- and 15-yr natural history studies of Silverberg et
al. (18, 20) showed that lumbar spine bone density re-
mains stable for as long as subjects were followed, while
the sites with more cortical bone, namely the distal 1/3 ra-
dius and the femoral neck, began to experience sub-
stantial declines after 10 yr of observation.
The characteristic densitometric and histomorphomet-
ric pattern described above, with preferential reduction
of the cortical compartment, is not always seen in PH-
PT. The descriptions provided are the most common
ones. Obviously, these features will vary with the extent
of the disease, and predisposing factors that could fa-
vor losses in other skeletal compartments and thus oth-
er patterns. For example, Silverberg et al. described a
minority of patients with PHPT whose lumbar spine bone
density was preferentially reduced (23). This could re-
flect preferential loss of cancellous bone due to the
menopause per se, prior to the development of PHPT.
Other studies have demonstrated more universal loss of
BMD in PHPT (24-26), a finding that would not be un-
expected in patients with more severe disease. Recent-
ly, Hansen et al. (24), using a newer non-invasive tech-
nology, high-resolution peripheral CT (HR-pQCT),
showed decreased bone mass in the radius in both the
cortical and trabecular compartments, in 27 women with
mild PHPT, as compared to a normal control group. In
this study, subjects with PHPT had reduced BMD at the
lumbar spine by DXA. It is not surprising, therefore, that
the cancellous compartment would be abnormal by HR-
pQCT in this cohort. It is likely that when more typical
phenotype of PHPT is examined by HR-pQCT, mi-
crostructural analysis by HR-pQCT will be consistent with
preserved cancellous bone. 

Fracture risk
Given the catabolic skeletal actions of continuously ele-
vated PTH levels, typically at cortical sites, one would ex-
pect increased non-vertebral fracture risk in patients with
PHPT. The preserved cancellous skeleton would be ex-
pected to be associated with reduced fracture risk in the
spine. Some studies, though, have reported an increase
in overall fracture risk (27, 28), including vertebral (17, 28,
29), forearm, rib, and pelvic fractures (28) in PHPT. In-
creased risk of vertebral and hip fractures has not, how-
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Fig. 1 - The densitometric signature of primary hyperparathy-
roidism (PHPT) in the modern era. Bone densitometry at lumbar
spine, femoral neck and radius in PHPT. Bone mineral density
(BMD) is presented in comparison to expected values for nor-
mal controls. [Adapted from (7)].
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ever, been uniformly observed (30-32). These controver-
sial findings may reflect reports that vary in the severity of
the PHPT. Vignali et al. (29) assessed vertebral fracture
risk in 150 subjects with PHPT according to the severity
of the disease. Patients with symptomatic PHPT had a
higher rate of vertebral fracture than patients with asymp-
tomatic PHPT. When subjects with asymptomatic PHPT
were classified according to whether they did or did not
meet the criteria for surgery, established by the 2002
Workshop on asymptomatic PHPT, the rate of fracture
was significant in those who met surgical guidelines but
not in those who did not meet surgical guidelines. 
It is hard to draw any conclusions from these studies be-
cause many of them are observational and cross-sec-
tional. Some studies suffer by a surveillance bias in which
the known PHPT state may have been more likely to be
associated with x-rays for complaints of back pain, for ex-
ample. It is still not clear, then, whether or not patients
with mild, asymptomatic PHPT have increased fracture
risk. 
There are structural issues that may confound the simple
expectations by BMD of increased fracture risk at cortical
sites and reduced fracture risk at cancellous sites in PH-
PT. PTH is known, for example, to have other effects on
bone qualities beside BMD. As reported in many series,
preserved cancellous microarchitecture in mild PHPT
might counteract the cortical thinning at cortical sites.
Moreover, PTH may increase periosteal apposition, lead-
ing to an increase in cross sectional diameter of the bone,
favorably altering bone geometry (33, 34). The increase
in the outer diameter of bone will increase bone strength
independent of BMD (35). Thus, a number of other fac-
tors have to be taken into account that altogether de-
fines fracture risk in PHPT.

PTH AS AN ANABOLIC SKELETAL THERAPY
The clues described earlier to the anabolic potential of
PTH led to its successful development and that of its bi-
ologically active but foreshortened fragment, PTH(1-34)
as a therapy for osteoporosis. PTH represents the only
osteoanabolic class available at this time for the treat-
ment of osteoporosis. These PTH forms have been shown
to increase BMD, improve microarchitecture of the bone,
and reduce vertebral fractures. For teriparatide [PTH(1-
34)], a reduction in non-vertebral fractures has also been
demonstrated (12, 13, 36-41). 

Mode of action
Treatment with PTH leads to an increase in bone turnover,
with an interesting bitemporal characteristic, in which
there is an early stimulation of bone formation followed
later by a stimulation of bone turnover (bone resorption
and bone formation). The dichomatous kinetics between
early effects on bone formation (a bone modeling effect)
and a general increase in bone turnover (a bone remod-
eling effect) has led to the concept of an “anabolic win-
dow”, the period of time when PTH is maximally anabol-
ic (Fig. 3) (13, 42-45). Even when bone remodeling is stim-
ulated, for at least a limited period of time, bone forma-
tion exceeds bone resorption, continuing the anabolic
property of PTH albeit perhaps less marked.
The concept of the anabolic window is supported not on-
ly by studies of the kinetics of bone markers in the circu-
lation but also by histomorphometric analysis of iliac crest
bone biopsies. Using techniques of standard double-la-
beling and novel quadruple labeling techniques, it has
been demonstrated by Dempster et al. (46) that PTH ini-
tially stimulates bone formation without prior resorption.
This suggests that the process of bone accrual is occur-
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Fig. 3 - PTH as an anabolic agent for bone: a kinetic model.
Treatment with PTH leads to increased bone turnover, with an
early stimulation of bone formation followed later by a stimula-
tion of bone resorption. It is thus formed an “anabolic window”,
the period of time when PTH is maximally anabolic. When bone
formation and resorption are stimulated, bone formation ex-
ceeds bone resorption, continuing the anabolic property of PTH.
[Adapted from (45)] 

Fig. 2 - Microarchitectural features in pre-
and post-menopausal women with pri-
mary hyperparathyroidism (PHPT). 3D mi-
corcomputed tomography reconstruc-
tions of cancellous bone in pre- and post-
menopausal women with PHPT (B and D),
and normal controls (A and C).
[Adapted from (8)].
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ring on quiescent bone surfaces, which is classically a
modeling-based event. Modeling is not usually observed
in normal, adult human bone, but would appear to oc-
cur in this special situation of early PTH exposure (47).
Lindsay et al. (46) evaluated bone biopsies of 10 post-
menopausal women treated with teriparatide for 4 weeks
and compared them to a matched control group. The
authors relied on the appearance of the bone surface un-
derneath the newly formed bone to classify the bone for-
mation as modeling or remodeling-based. In the case of
modeling-based bone formation, the surface underneath
newly formed bone is smooth, and the collagen fibers
have similar orientation to the adjacent bone tissue. In
remodeling-based bone formation, that surface is irreg-
ular, with interrupted collagen fibers, indicating that bone
resorption has occurred (47). In the analysis, modeling-
based bone formation with teriparatide accounted for
approximately 30% and 22% of the bone formation in
cancellous and endocortical bone respectively. In con-
trol subjects, formation was exclusively remodeling-based
(46). In agreement with the concept of the anabolic win-
dow, the ability of PTH to increase bone formation in the
absence of prior resorption appears to be more pro-
nounced in the early stages of the therapy, since the pro-
portion of modeling-based bone formation decreases
over the course of the treatment. When biopsies are car-
ried out after 12-24 months after treatment with 20 or 40
µg daily of teriparatide treatment, only 2.8% and 7.7%,
respectively, of bone formation in cancellous bone was a
modeling process (38). The modeling-based bone for-
mation induced by PTH can occur not only on quiescent
bone surfaces, but also in areas of remodeling in which
there is overfilling of bone resorption pits with extension
of bone formation beyond the margins of the resorption
cavity (46-48). Anabolic action also is appreciated when
remodeling becomes the dominant profile of PTH action
because there is more bone formation occurring than
bone resorption (47).

Bone density and microarchitecture
Densitometric findings in men and women who are treat-
ed with PTH(1-84) or teriparatide demonstrate major in-
crements in BMD at the lumbar spine (12, 13, 40, 44). By
histomorphometry and µCT of paired iliac crest biopsy
specimens from women treated with teriparatide for 11-
24 months, improvements in cancellous bone volume,
connectivity, and cancellous bone morphology with con-
version from a more rod-like to a more normal plate-like
appearance have been appreciated (39). Similar effects
on cancellous bone were seen upon administration of
PTH(1-84) for 18 or 24 months (Fig. 4) (37, 41). 
Smaller increases in BMD are appreciated at the hip sites
(total hip and femoral neck). The 1/3 radial site typically
is not increased and may actually show a small reduction
in BMD (12, 13, 40, 44). The small or even negative ef-
fects of PTH on BMD at sites containing predominantly
cortical bone were not confirmed when bone microar-
chitecture was assessed. Dempster et al. (36) have shown
maintenance or an increase in cortical width in men and
women treated with teriparatide for 18 and 36 months,
respectively, without increases in cortical porosity. Im-
ages obtained during µCT analysis suggest that the in-

crease in cortical thickness seen with teriparatide results
from increased bone formation at both the periosteal and
endosteal surfaces (39). The increase in cortical thickness,
however, is not always seen (37, 41). 

Bone geometry and fracture risk 
Iliac crest bone biopsies from post-menopausal women
treated with teriparatide for 1 month confirm a 4- to 5-
fold increase in bone formation rate on the cancellous,
endocortical, and periosteal surfaces when compared to
a control a group. The increase in bone formation rate
on the periosteal surface suggests that PTH has also the
potential to increase bone diameter (48). 
Bone geometry was assessed by peripheral quantitative
CT (pQCT) in a subgroup of 101 women enrolled in the
teriparatide fracture prevention trial, at the forearm, the
site at which cortical bone predominates (49). There were
significant increases in cortical bone area, total bone min-
eral content and total bone area in teriparatide-treated
subjects (20 or 40 µg daily) as compared to patients re-
ceiving placebo. Cortical thickness was not changed. Pe-
riosteal circumference was significantly higher in both
teriparatide groups, as well as the polar cross-sectional
moment of inertia. These changes in bone geometry are
known to be associated with increased bone strength
and improved resistance to fracture (49).
Although PTH can increase cortical porosity and bone
resorption at the inner endocortical surface of the bone,
it can stimulate periosteal bone apposition, and conse-

Fig. 4 - Microcomputed tomography images of iliac crest biop-
sies of postmenopausal women treated with either PTH(1-84) or
teriparatide. A) Osteoporotic postmenopausal women treated
with placebo or PTH(1-84) for 18 months. B) Paired biopsy spec-
imens from a 64-yr-old woman before and after treatment with
teriparatide for 36 months. [Adapted from (36, 37)].
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quently, increase the outer diameter of the bone. The
periosteal apposition partly offsets the loss of compres-
sive and bending strength produced by cortical thinning
and porosity, and the resultant change in the ratio of the
outer to inner diameter of bone, leads, ultimately, to in-
creased bone strength (45, 50). This favorable change in
bone geometry observed with PTH could well account
for the reduction in non-vertebral fracture risk (12), even
though BMD is not changed or somewhat reduced at
cortical sites. The paradox of reduced cortical BMD and
reduced fracture risk at sites of cortical bone is thus ex-
plained by these affects of PTH on bone size and mi-
crostructure.

CELLULAR ACTIONS OF PTH ON THE SKELETON
Cellular actions of PTH contributing to increased bone
resorption: Catabolic 
Increased bone resorption is the most recognized
catabolic action of PTH. It is one of the essential mecha-
nisms by which PTH maintains calcium homeostasis, par-
ticularly in the face of a hypocalcemic stimulus. In vivo,
PTH enhances bone resorption by increasing osteoclas-
tic activity. However, in vitro studies demonstrate that
osteoclast-like cells in culture do not show increased ac-
tivity in response to PTH, unless osteoclasts are co-cul-
tured with stromal or osteoblast-like cells or conditioned
medium from osteoblasts previously treated with PTH
(51-53). It is likely therefore, that PTH induces bone re-
sorption by activating osteoclasts indirectly, through its
actions on osteoblasts. 
In osteoblasts, PTH regulates the expression of the re-
ceptor activator of nuclear factor-κB (RANK) ligand (RAN-
KL), and its soluble decoy receptor osteoprotegerin
(OPG), which both play a dominant role in osteoclasto-
genesis (54-56). RANKL, a tumor necrosis factor (TNF)

family member, binds to the RANK on the surface of
hematopoietic precursors of osteoclast, promoting their
differentiation and survival. RANKL also stimulates fully
formed osteoclasts. The catabolic effects of RANKL are
inhibited by OPG, a TNF receptor family member that
binds to RANKL and thereby prevents access of RANKL
to its receptor RANK. The balance between amounts of
RANKL and OPG is a determinant of osteoclastogenesis
(57). Continuous infusion of PTH increases RANKL and
inhibits OPG mRNA expression in primary murine os-
teoblasts and in bone from rats (54, 55, 58). In vitro stud-
ies conducted by Fu et al. (59) showed that PTH directly
increases RANKL expression by activation of cAMP/PKA-
CREB pathway, and inhibits OPG expression via a PKA-
CREB-AP-1 pathway. These PTH actions lead to an in-
crease in the RANKL/OPG ratio, which is believed to be
the main mechanism by which PTH influences osteoclas-
togenesis and bone resorption (Fig. 5). 
Clinical studies also argue for RANKL as a key interme-
diate in the catabolic actions of PTH. Circulating levels
of RANKL were elevated in 29 patients with mild PHPT,
correlating positively with bone resorption markers and
with rates of bone loss at the total femur (60). The RAN-
KL/OPG ratio, as determined by mRNA analysis of bone
biopsies, significantly declines after parathyroid surgery
(61). The pre-operative RANKL/OPG ratio correlated pos-
itively with 1-yr post-operative increases in bone mass. 
In addition to the RANKL/OPG system, it has been re-
ported that the monocyte chemoattractant protein-1
(MCP-1) can mediate the action of PTH on osteoclasto-
genesis. PTH increases the expression of MCP-1 in rat
osteoblastic cells and in the femur of rats treated with in-
termittent or continuous infusion of PTH via the PKA
pathway (62). MCP-1 promotes chemoattraction of pre-
osteoclasts, and enhances RANKL-induced osteoclasto-
genesis and fusion, contributing to the increase in bone

Fig. 5 - Anabolic and catabolic pathways
of PTH on the skeleton. A) PTH decreas-
es SOST/sclerostin expression in osteo-
cytes. Sclerostin functions as a negative
regulator of bone formation, and its
downregulation by PTH contributes for
the PTH-induced osteoanabolism. B)
PTH favors bone resorption, mostly by
increasing receptor activator of nuclear
factor kappa-B ligand (RANKL) and de-
creasing osteoprotegerin (OPG) expres-
sion in osteoblasts, which ultimately
leads to an increase in osteoclast forma-
tion and activity.
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resorption (62). Although the increase in MCP-1 expres-
sion was more pronounced in rats treated with intermit-
tent doses of PTH than in rats treated with continuous in-
fusion of this hormone, the latter mode of administration
led to moderated but sustained up-regulation of MCP-1
mRNA levels, explaining the catabolic action of PTH ob-
served upon continuous infusion of PTH. 
Although many studies have failed to demonstrate con-
sistently a direct effect of PTH on osteoclasts, Langub et
al. (63) showed that the PTH receptor PTH1R is expressed
in osteoclasts from patients with the secondary hyper-
parathyroidism of chronic kidney disease. More recently,
Dempster et al. (64), have also demonstrated that the
PTH1R is expressed in human osteoclasts derived from
peripheral blood mononuclear cells at the mRNA and
protein level. It is still unclear, though, if PTH can direct-
ly activate osteoclasts independent of its actions on os-
teoblasts.

Cellular actions of PTH contributing 
to increased bone formation: Osteoanabolic 
Pre-clinical and clinical studies have demonstrated that
intermittent administration of PTH promotes bone for-
mation (12, 13, 65-67). The anabolic actions of PTH on
bone mass depend on its direct action on cells of os-
teoblastic lineage. Following the interaction PTH-PTH1R
(6), Gαs and Gαq are activated, with subsequent activa-
tion of PKA and PKC. It has been demonstrated that
cAMP/PKA signaling is a dominant mechanism by which
PTH increases bone anabolism, and that PKC is not re-
quired for the osteoanabolic action of PTH (68). In fact, a
recent study showed that the Gαq-PKC signal in os-
teoblasts is inhibitory to the anabolic actions of PTH on
bone mass (69). 
The osteoanabolic action of PTH is due to its ability to
increase osteoblast number, which can be achieved by
an increase in osteoblastogenesis, decrease in osteoblast
apoptosis or a combination of the two events (70, 71).
The increase in osteoblastogenesis is explained mostly
by an increase in osteoblast differentiation rather than
increased proliferation. It is generally accepted that dif-
ferentiation requires exit from the cell cycle and, as a re-
sult, proliferation is attenuated as differentiation proceeds
(71). Thus, it has been suggested that one of the mech-
anisms by which PTH promotes its anabolic actions is to
arrest the cell cycle progression of osteoblasts, enhanc-
ing their commitment to a differentiated osteogenic fate
(72). Indeed, anti-proliferative effects have been report-
ed in osteoblastic cell lines, cultures of primary cells, and
in rodents treated with PTH, which is explained by both
an attenuation of the expression of cyclin D1, a protein
required for cell cycle progression, and an increase in the
expression of the cell cycle inhibitors p27Kip1 and p21Cip1

(73-75). However, the effect of PTH on osteoblast prolif-
eration may be specific to the differentiation/develop -
mental stage of the osteoblastic cell. Although PTH sup-
presses proliferation of committed osteoprogenitor cells,
there is evidence that suggests that it does not affect or
increase the replication of uncommitted osteoblast pro-
genitors (71, 73, 75, 76). In agreement with these data, in
vitro and in vivo studies in rodents conducted by Ogita et
al. (77), showed that cyclic PTH treatment promotes os-

teoblast differentiation from periosteum-derived mes-
enchymal progenitors, and has a biphasic effect to en-
hance, then suppress proliferation of periosteal os-
teoblast progenitors.
Beyond the effects on the cell cycle itself, PTH enhances
osteoblast differentiation. It stimulates osteoblast differ-
entiation and osteoblastic lineage commitment in pri-
mary calvarial cells, bone marrow-derived, and in pe-
riosteal cells (15, 77, 78). Evidence from in vitro and in
vivo studies suggests that PTH increases the expression
of genes that typically signal bone formation, such as the
osteoblast-specific transcription factor Runx2, as well as
alkaline phosphatase (79), collagen type I alpha 1
(COL1A1), and osteocalcin (14, 15, 78, 80). Recently, a
novel bone formation-related factor, Tmem119, was
shown to be rapidly stimulated in mouse osteoblastic cell
lines by PTH (81). Consistent with a PTH-induced increase
in the number of differentiating osteoblasts, intermittent
PTH enhances ossicle development from bone marrow
derived stromal cells implanted into immunocompro-
mised mice (82).
Alternatively, PTH can increase osteoblast number by de-
creasing osteoblast apoptosis. Daily injections of PTH to
adult mice showed an anti-apoptotic effect of PTH on os-
teoblasts in femoral and vertebral sections (83). The
prevalence of osteoblast apoptosis was inversely corre-
lated with serum osteocalcin, bone formation rate, and
osteoblast number, suggesting that the prosurvival ef-
fect of PTH on osteoblasts accounts, at least in part, for
its anabolic effect on bone (83). In vitro, PTH treatment al-
so inhibits pro-apoptotic effects of dexamethasone,
etoposide, hydrogen peroxide induced oxidative stress,
UV irradiation, serum withdrawal and nutrient depriva-
tion in a variety of osteoblastic cells (79, 83, 84). Mecha-
nistically, PTH phosphorylates and inactivates the pro-
apoptotic protein Bad, and increases the expression of
survival genes like Bcl-2. These actions are mediated by
activation of PKA (83). The increased expression of Runx2
is also required for the anti-apoptotic effect of intermit-
tent PTH (83). Moreover, it was recently shown that PTH
treatment of cultured osteoblasts augments DNA repair,
and enhances cell survival under extreme metabolic
stress and direct DNA damage, which was proposed as
another mechanism by which PTH can suppress os-
teoblast apoptosis (84). 

MEDIATORS OF PTH ACTIONS 
ON BONE FORMATION
Sclerostin
Sclerostin, a product of the SOST gene expressed pri-
marily by osteocytes, is a secreted glycoprotein that func-
tions as a key negative regulator of bone formation (85).
In the human genetic diseases van Buchem’s disease and
sclerosteosis, reduced sclerostin concentration and/or
activity are translated into generalized and progressive
overgrowth of bone and sclerosis of the skeleton (86-88).
Likewise, Sost knockout mice have high bone mass. Pre-
clinical studies show that an antisclerostin antibody has
osteoanabolic effects in rodents (89, 90). Early studies in
human subjects are also confirming the anabolic effects
of an antisclerostin antibody (91).
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The finding that osteocytes secrete sclerostin, and express
the PTH1R (92) raised the hypothesis that the osteocyte-
derived sclerostin could be a mediator of the anabolic ac-
tion of PTH on the skeleton. Indeed, downregulation of
SOST/sclerostin by PTH has been demonstrated in vitro,
in animals, and in humans, and the regulation of SOST by
this hormone is currently recognized as having a key role
in PTH-induced bone formation (Fig. 5) (93-98). PTH de-
creases Sost mRNA levels in vitro, and in rodents treated
with either continuous or intermittent administration of
PTH (93, 96). Similarly, transgenic mice overexpressing a
constitutively active PTH1R specifically in osteocytes, have
increased bone mass, and decreased Sost expression (94).
In these mice, concomitant overexpression of Sost, also in
osteocytes, abolishes the increase in cortical bone area,
periosteal bone formation rate, and cancellous bone vol-
ume, supporting the hypothesis that the anabolic effect of
PTH requires downregulation of sclerostin in osteocytes
(94). In human subjects, serum sclerostin levels are re-
ported to be lower in patients with PHPT than in controls,
and a negative correlation between circulating sclerostin
and PTH is observed (97-99). Moreover, intermittent PTH
therapy in post-menopausal women decreases circulat-
ing sclerostin levels, which sustains the idea that the
downregulation of sclerostin accounts for the osteoan-
abolic action of PTH also in humans (95). 
The mechanism by which sclerostin inhibits bone forma-
tion is not completely understood. Until recently, it was
assumed that sclerostin would pass through the osteo-
cytic canaliculi to access the bone surface, where it would
bind to the LDL-receptor related protein (LRP) 5 and 6, in-
hibiting the osteoblastic canonical Wnt/β-catenin signal-
ing (6, 100, 101). In this way, sclerostin would antagonize
the pro-differentiating and survival actions of Wnts on
osteoblasts. However, an effect through LRP5 in the Wnt
signaling pathway has recently been questioned by stud-
ies suggesting that LRP5 does not function as a Wnt core-
ceptor (102). Thus, the definition mechanism(s) by which
sclerostin inhibits bone formation is still unknown. 

IGF
IGF-I is a regulator of cell growth and function, and, in
osteoblasts, acts as a prodifferentiating and a prosurvival
factor. PTH can induce skeletal expression of IGF-I, which
would act as an autocrine/paracrine factor to mediate the
PTH effects on osteoblasts (103, 104). Indeed, animal
studies have shown that IGF-I plays a key role in the os-
teoanabolic effects of PTH. IGF-I-deficient mice had an
attenuated effect of the anabolic actions of PTH on cor-
tical bone (105), and deletion of the insulin receptor sub-
strate adapting molecule-1 (which transmits IGF-I recep-
tor signaling) blunted the anabolic response to intermit-
tent PTH administration (106). The anabolic actions of
PTH on bone were also altered in mice with deletion of
the IGF-I receptor specifically in mature osteoblasts (103).
Increased cancellous bone volume at the primary spon-
giosa, and enhanced bone formation, mineralization, and
cortical thickness at the cortical bone observed upon PTH
administration to the control mice were blunted in the
IGF-I receptor knockout mice (103). At the cellular level,
IGF-I receptor deletion decreased the ability of PTH to
stimulate osteoprogenitor cell proliferation and differen-

tiation, as measured by the number of ALP-expressing
colonies and mineralized nodules in cultures of bone mar-
row-derived stromal cells treated with PTH.

The role of T cells 
T cells that express PTH receptors may be involved in
both the anabolic and catabolic actions of PTH through
CD40 Ligand, a surface molecule of activated T cells that
induces CD40 signaling in stromal cells (107, 108). The
work of Pacifici et al. has shown that deletion of T cells or
T cell-expressed CD40 Ligand blunts the catabolic activ-
ity of PTH in bone by decreasing bone marrow stromal
cell number, RANK/OPG production and osteoclasto-
genic activity (109). Silencing of the PTH receptor in T
cells also blocks the bone loss and the osteoclastic ex-
pansion induced by continuous PTH, thus demonstrat-
ing that PTH signaling in T cells may also be central to
PTH-induced bone loss. T cells also play a permissive role
in the anabolic effect of intermittent PTH, which is re-
duced in T cell-deficient mice. The mechanism involves
activation of Wnt signaling by T cells in pre-osteoblasts. 

CONCLUSION
The human skeleton is being renewed constantly by the
dynamic process of bone remodeling, which consists of
two normally balanced phases of bone resorption and
bone formation. When these two processes are balanced,
bone is neither gained nor lost. An imbalance between
these two, favoring bone resorption, results in a catabol-
ic net effect on bone mass, while an anabolic net effect
ensues if bone formation exceeds bone resorption. Al-
though the increase in bone resorption was the most rec-
ognized action of PTH in the skeleton, this hormone can,
indeed, increase bone formation, and its final effect on
bone mass, either catabolic or anabolic, will depend on
which process or processes are being favored. 
Continuous exposure to high levels of PTH is associated
with catabolic effects on bone, while intermittent expo-
sure to low doses of PTH has anabolic actions. The former
is exemplified by the chronic disorder of PTH excess, PH-
PT, and the second is best represented by the use of PTH
to treat osteoporosis. However, it is now recognized that
PTH can have anabolic effects even in states of continu-
ously elevated PTH, as evidenced by a preserved can-
cellous bone and a normal or greater trabecular connec-
tivity observed in patients with PHPT. Similarly, decrease
in BMD at cortical sites can be appreciated in subjects
being treated with PTH, which, however, does not lead to
negative effects on bone strength. In fact, decrease in
facture risk at vertebral and non-vertebral sites was
demonstrated in patients treated with PTH.
Mechanistically, although PTH can regulate different sets
of genes when it is administered intermittently or con-
tinuously, favoring bone formation or resorption, re-
spectively, some genes are regulated in the same way
upon continuous or intermittent endogenous exposure
to PTH. Decreased circulating sclerostin levels, for ex-
ample, are observed in patients with PHPT, as well as in
patients treated with recombinant PTH. In the same way,
Sost mRNA levels decrease in rodents treated with ei-
ther continuous or intermittent administration of PTH. 
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Despite advances in elucidating the mechanism of action
of PTH on bone, the different skeletal responses to PTH
are still incompletely understood. Although the response
to PTH can be clearly catabolic or anabolic depending
on the mode of exposure to this hormone, increases and
decreases in bone mass at different skeletal sites can ac-
tually coexist in the same subject or condition. Future
studies may elucidate a means to perturb molecular path-
ways that are regulated by PTH so that the anabolic re-
sponse to this hormone is primarily expressed. Then
these new insights could be applied into a medical ther-
apy for PHPT.
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